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Abstract 
This thesis introduces an analysis, fabrication and testing of a µ-cantilever. First, 
the theoretical method used to analyze the deflection of a micro-beam with two supports 
and switching voltage is introduced. The results are compared to an I-DEAS simulation. 
Second, the theoretical approach is modified in order to be suitable for the actual µ-
cantilever beam model because the material, geometry and the type of structure have 
been changed. The switching voltage of each beam size is predicted using the modified 
method. Third, a series of single µ-cantilever beams are designed according to the 
MEMS design rules. Using the facilities at Semiconductor and Microsystems 
Fabrication Laboratory at RIT, the µ-beams are fabricated and the switching voltages of 
each beam are measured. The detailed explanation of each fabrication step, 
measurement and testing method are described in this thesis. Finally, the results from 
the theoretical approach are compared to those from testing. 
Testing results show that for varying the beam dimensions, the trend in predicted 
switching voltage is similar to the experimental data. As the beam gets longer, a 
stronger sticking effect is present. From the testing of the micro-devices, it was found 
that the beam width does not influence the switching voltage very much. The two beams 
with the same length showed the almost same switching voltage even though the width is 
different from each other. So, the minimum width of µ-beam can be an optimized 
design to minimize the use of wafer. Large µ-beams (more than 100 µm width and 1000 
µm length) are not recommended. Considering the etching process and testing 
convenience for the large µ-beams, a much larger space pad for probing is required. 
v 
The µ-beam is deflected and contacted to the wafer by applying the switching 
voltage and recovered by removing the voltage applied in both theory and experiment. 
This single cantilever µ-beam, therefore, can be used as an actuator. 
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1 Introduction 
1.1 Overview of MEMS technology 
Micro-Electro-Mechanical Systems (MEMS) is defined as an integration of 
mechanical sensors, actuators, and other devices on a microscopic scale. Typically, 
MEMS products have been manufactured with the help ofIC (Integrated Circuits) and 
semiconductor fabrication technologies [1]. MEMS devices operate in the same way as 
macro-scale devices, but the design, material selection and fabrication process are totally 
different from those of macro-devices. 
The development of MEMS devices, especially for sensors and actuators, has 
significantly contributed to the aerospace and semi-conductor industries. In fact, many 
MEMS applications such as micro-mirrors and micro-shutters are being used in the space 
shuttle. Even though the semi-conductor and IC industries have affected the 
development of MEMS products in the past, MEMS technologies are enabling the 
miniaturized manufacturing and developing those industries these days [2]. 
Thus, MEMS products are being developed for industries requiring small, low 
cost, reliable and efficient devices. Micro sensors and micro actuators are the commonly 
used MEMS devices. Micro sensors are the devices that convert input information such 
as temperature, pressure and acceleration into an electrical output. Micro actuators 
receive an electrical input and convert it into motion, for example, by moving, 
positioning, regulating, pumping or filtering. Several applications of MEMS are 
currently in use in automotive, optical and medical applications, for example, a micro 
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sensor inside an air-bag system. Micro-mirrors are used in telecommunication 
application to control the direction of light. 
For the last 15 years, many optical MEMS devices have been researched and 
developed. Now, higher resolution of projection televisions, high-quality projectors, 
digital printers and digital micro-mirrors are being developed and improved with the help 
of MEMS technology. Wireless communication is also an area in which micro-systems 
technology is actively discussed. Most cellular phone companies have an interest in the 
new MEMS devices in order to realize much higher speed wireless telecommunication. 
Biomedical and biotechnology companies are also rapidly developing many applications 
of MEMS used for drug delivery and DNA analysis [3]. In addition to these fields, there 
will be potential applications of MEMS in most industries. As other fields such as 
material science and computer engineering develop further, MEMS technology will 
undoubtedly find an expanded area of applications. 
Advanced simulation and modeling tools for MEMS are required to meet the 
increased demand for industry applications. Currently, the MEMS design process is 
usually performed in a trial-and-error manner. As a result, many iterations of the process 
are required until the performance requirements of the device are finally met. This is not 
only time-consuming, but also costly. The advancement of analysis tools in the design 
step can avoid poor design and repeated fabrication and therefore reduce cost. 
2 
1.2 Literature Review 
1.2.1 Microbeam Applications 
In this section, several recent journal articles on applications of micro-beams are 
described briefly. 
Bumkyoo Choi, et al. (1997) [4] presented the analysis of a micro-beam with 
doubly clamped supports. The deflections and stresses of the micro-beams under both 
mechanical and electrostatic loads were analyzed theoretically by the numerical analysis 
procedure. Choi, et al. used 400 µm x 45 µm x 2 µm silicon beams in their experiments. 
The beams were 1 µm above the substrate. They investigated distributed pressure 
mechanical loads. From the analysis of a uniformly distributed load, maximum 
deflection (1 µm) occurred at 30 µN. In the electrostatic load test, the same beam design 
was used, but it is more difficult to correlate force and deflection because the force is 
dependent on the displacement of the beam. The maximum deflection of beam was 0.3 
µm when the voltage was 8 V (8 Vis the maximum load used in the analysis). The beam 
dimension used in this article can be referred because the beam material, driving force 
and the structure of the beam are similar to those of my thesis. 
Obermeier, et al. (1997) [5] presented an analysis of micro-beam actuators driven 
by electrostatic force. The material of the micro-beam in this paper (gold) is different 
from that of Choi' s model (silicon). The principle of the actuator model in his paper is 
based on parallel plate capacitor theory. Two electrodes are equivalent to each side of a 
capacitor and work as conductors separated by air gap. The finite element analysis 
(FEA) is used to determine the electrostatic force analytically. From the FE analysis, 0.3 
3 
x 10-3 µN of electrostatic force was required to move the capacitor model. 1 mm x 40 
µm x 10 µm gold actuators with 3.5 µm gap were tested. Test results indicated that 30 V 
was needed to actuate the gold actuator. 
Attia, et al. (1998) [6] presented an analysis of silicon micro-cantilever beam 
actuator. The driving principle is the electrostatic force. The dimensions of the beams 
are 200 µm length, 2 µm width, 2 µm thickness and 3 µm gap between the beam and the 
substrate. After fabrication, µ-cantilever beam were initially upward deflected because 
they used the tungsten layer on the silicon beam. The purpose of depositing a tungsten 
layer on top of the silicon beam was to make the beam deflected upward due to tensile 
stress at initial point. The driving voltage was 8 V to make the 3 µm of displacement 
when the initial deflection was 8 µm. Regulating the amount of tungsten layer could 
control the initial deflection. 
Micro-beam actuators are widely used for several applications. A micro-motor is 
an example of micro-actuator driven by the electrostatic force. Micro motors are the 
applications of the micro actuator that are currently being produced. Electrostatic force 
is the most widely used driving method. An optical switch composed of the micro-
mirror is another application of the electrostatic micro-actuator. A micro actuator can be 
used for scanning the microwave antenna operated by electrostatic force. The micro 
actuators are usually fabricated in the system integrating actuators, sensors and electronic 
circuits for best use [8]. Piezo-electric force can be used as a driving method for the 
micro actuators within micro motors, where maximum speed is desired for minimum cost 
and weight. Shape memory alloys can be used for the materials of micro actuators 
4 
because of their good strength and thermal conductivity. By combining two shape 
memory alloys, micro actuators can act both linearly and rotationally [8]. 
1.2.2 Microbeam Testing 
Several articles on testing methods of mechanical properties and behavior in 
analyzing the micro-beam are introduced in this section. 
Zhang, et al. (2001) [9] presented fabrication and experimental testing results on 
the freestanding micro-beams. Pure aluminum beams and Al-Ti alloyed beams were 
fabricated and tested. Both the pure Al beam and Al-Ti beam are 500 µm length, 50 µm 
width and 2 µm thickness, and both use a piezo-electric driving force. Micro-tensile 
tests are carried out on both types of micro-beam. In a tensile test, stresses and strains 
according to corresponding loads are recorded. Finally, yield strength of the beam can 
be found from the tensile test. The yield strength for the pure Al beam was about 120 
MPa at 0.2 % strain, whereas the yield strength for the Al-Ti alloyed beam was about 200 
MPa. To be used for the micro-devices, high strength is required. 
Attia, et al. [6] fabricated and tested electrostatic silicon micro-cantilever beams. 
For testing, a tungsten layer is deposited on the silicon cantilever beam in order to control 
the initial beam deflection. The vertical displacement of the free end of the cantilever 
beam was measured by the optical microscopy with a high aperture objective. When the 
initial deflection was 12 µm, the driving voltage for 3 µm displacement was 8 V. When 
the initial deflection was 8 µm, the driving voltage for 3 µm displacements was 5 V. 
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E.P. Furlani, et al. (1997) [11] demonstrated the analytical method to find the 
switching voltage of several sizes of silicon nitride micro-beam with two fixed supports. 
The beam dimensions are 20 or 16 µm length by 1 µm width by 0.135 µm height and the 
gap between the beam and the substrate is 0.135 µm. The beam is driven by voltage and 
the voltage induces a distributed electrostatic load on the beam. An electrode resides on 
top of the micro-beam in order to make the beam conductive. The results from the 
analytical method were compared with the testing results. When the beam length is 16 
µm and tensile stress is 100 MPa, the theoretical switching voltage was 9.6 V and the 
measured switching voltage was 11 V. 
1.3 Micro-beam Actuator Design 
Before designing and fabricating a µ-beam actuator, there are several issues to 
consider. The first step is to identify the performance requirements of the desired 
MEMS devices. The parameters to consider are sensitivity to material and environment, 
allowable range of properties, manufacturing cost and size of model. The next step is to 
analyze, design, and simulate both mechanically and electrically before fabrication. 
Currently, the designer of a MEMS device requires a high level of fabrication knowledge 
in order to ensure a successful design. After fabrication, then the model is tested and 
compared with the analysis. 
A µ-actuator is the MEMS application studied in this work. The µ-actuator 
functions by moving, positioning, regulating, pumping or filtering, according to the given 
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electric signals. Basically, the µ-actuator itself is made of a thin film, which may contain 
an internal stress. Even when made with a single material as in our case differential 
' ' 
cooling can cause internal stresses. Stresses in films can range from 1 E 8 to 5 E 10 
dyne/cm2 [10]. So it is important to know how much the internal stress in the film 
influences the given structure. In some cases this internal stress is useful. For example, 
the appropriate amount of stress can be used to open and close a micro-shutter by adding 
additional load on the shutter. 
In designing micro-devices, mechanical properties of the material are required to 
satisfy the requirements. Thin films are widely used material for the MEMS fabrication 
and they must satisfy chemical, mechanical and electrical requirements. Thin film 
requires excellent adhesion, low stress and conformal step coverage. First of all, the 
adhesion of the growth and deposition of the film must be excellent. Poor adhesion will 
bring about a potential reliability problem. The adhesion is affected by the thickness of 
the film and the cleanliness of the substrate. Contamination on the substrate surface 
usually results in reduced adhesion. In a similar manner, the roughness of substrate 
surface can affect adhesion. In some cases, low stress in a film is also required in the 
fabrication of micro-devices. Other mechanical properties such as elastic modulus, 
tensile strength, and micro-hardness can be considered in thin film analysis. 
The measured mechanical properties of some specific kind of silicon nitride and 
polysilicon are shown in Table 1.1 and Table 1.2, respectively. Polysilicon is used to 
fabricate the µ-beams in this thesis. Silicon nitride is also used for the theoretical 
analysis. Among these properties, Young's modulus Eis used in the equation to 
calculate for the deflection of a beam. 
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Property Value 
Yield tensile stress 14 xl010 dyne/cm2 
Ultimate Strength 28 x 1010 dyne/cm2 
Knoop Hardness 3486 Kg/mm2 
Young's Modulus 3.85 x 1012 dyne/cm2 
Density 3.1 gm/cm3 
Thermal conductivity 0.19 w/cm °C 
Thermal expansion 0.8 x 10-6 I 0 c 
Poisson's ratio 0.3 
Table 1.1 Mechanical Properties of Thin Film - Silicon nitride (Si3N4) 
Property Value 
Tensile stress -5.2 - 18.8 MPa 
Shear modulus 69 GPa 
Hardness 10.5 - 11.5 GPa 
Young's modulus 176 - 201 GPa 
Roughness 1.45 nm 
Internal stress 0.18 GPa 
Friction coefficient 0.04 - 0.42 
Scratch depth 
(at 40 µN) 18 nm 
Wear depth 25 nm 
Residual stress 
(at 2.5 µm thickness) 290- 350 MPa 
Table 1.2 Mechanical Properties of Thin Film - Polysilicon 
(For Phosphorous doped n+ type LPCVD film) 
8 
1.4 Project Scope 
In this thesis, analysis, fabrication procedure, and testing method of finding a single 
µ-cantilever beam actuator will be demonstrated. The most crucial part of a singleµ-
cantilever beam actuator design is to determine the switching voltage required to bring 
the beam enough to be in contact with the substrate. When a voltage is applied to the 
free end of a cantilever beam, it induces an electric field. Modulating the voltage will 
cause a varying distributed load in the cantilever beam, and eventually the free end of the 
beam will be bent down to the substrate. First, the theoretical method used to analyze 
the deflection of a micro-beam with two supports and switching voltage will be 
introduced. To find out the voltage required to bend the beam with two fixed supports 
down, E. P. Furlani's theoretical analysis is used [11]. The deflection of the beam can be 
predicted by both theoretical equation and I-DEAS software. Secondly, the theoretical 
approach is modified to be suitable for the actual µ-cantilever beam model and each 
switching voltage according to different beam dimensions is predicted. The basic theory 
of the cantilever µ-beam comes from the traditional solid mechanics. A micro actuator 
is considered as a single cantilever beam. Using a theoretical approach, the relationship 
between voltage, electrostatic force field and deflection were determined. 
After having some insight into the proper dimensions of a µ-beam actuator, a single 
µ-cantilever beam actuator is designed according to the MEMS design rules. With the 
help of the facilities at the Semiconductor and Microsystems Fabrication Laboratory at 
RIT, the actual designed µ-beams are fabricated through the MEMS fabrication process, 
and tested in order to find the switching voltage of each beam. The detailed explanation 
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of each fabrication step, measurement and testing method are described in this thesis. 
Finally, the results from the theoretical approach are compared with testing results, and 
an optimized single µ-cantilever beam design is suggested. 
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2 Micro-beam Actuator Analysis 
In this chapter, two types of micro-beams are analyzed. In Section 2.1, how to 
find a switching voltage of a µ-beam with two clamped supports is demonstrated. In 
Section 2.2, how to find a switching voltage of a µ-cantilever beam using theoretical 
approach is demonstrated. A single cantilever beam is the type of structure that will be 
fabricated and tested as an actuator model. 
2.1 Theory 
In this section, a µ-beam with fixed supports on both ends is analyzed. The 
material of the µ-beam is silicon nitride. Based on mechanical and electrical theory, the 
deflection and switching voltage of a µ-beam are calculated. 
The reason of analyzing a µ-beam with doubly clamped supports first in this 
section is that there are already the published results of tests on this type of µ-beam. 
After introducing our theoretical approach, the results will be compared with the 
previously tested and published results in order to verify the reliability of this approach. 
The methods on how to calculate the loading force and how to obtain the deflection of a 
beam are introduced in this section. The calculation of force and converting of force 
type from electrostatic force to mechanical force is crucial in figuring out the deflection 
and switching voltage of a µ-beam. 
In Section 2.1.1, the theoretical method for finding a deflection and switching 
voltage of a µ-beam with doubly clamped supports is demonstrated. Then, the results 
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are compared with those of Furlani's experiment [11]. In Section 2.1.2, a method using 
solid-modeling software (I-DEAS) is introduced. In Section 2.1.3, both theoretical and 
computer-aided methods are compared. 
2.1.1 Analysis of a µ-beam with fixed supports 
The method of how to determine switching voltage of a µ-beam made up of silicon 
nitride supported at both ends was described by E. P. Furlani, et al. (1997) [11]. The 
equation for converting voltage to mechanical force and values of mechanical properties 
were also introduced in his paper. From his method, it was shown that when a sufficient 
voltage is applied between the µ-beam and substrate, the resulting electrostatic force pulls 
the beam to the substrate. The deflection of the beam depends on the voltage applied 
and the maximum deflection occurs at the mid-point. For a mechanical analysis ofµ-
beam, a single elemental beam shown in Figure 2.1 is considered. As shown in Figure 
2.1, both ends are considered as fixed supports. The material of the µ-beam is silicon 
nitride. 
Furlani used Equation 2.1 to convert electrostatic voltage into force. Converting 
voltage into mechanical load enables us to use the approach of traditional solid 
mechanics in finding the deflection of the beam. This equation is used in our approach 
because the same type of µ-beam structure is analyzed in this section. The electrostatic 





s + e(h - y )) 
(Eqn 2.1) 
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where Ke = 0.5 e2 eow, w is the width of the beam (in the z-direction), Lis the length of 
the beam, V is the voltage applied to the beam, h is the distance between the beam and 
the substrate, y is the vertical deflection of the beam, eo is the permittivity of free space, s 







Figure 2.1 Schematic of silicon nitride µ-beam 
(a) Initial state, (b) Deflected state 
Permittivity is the ability of a dielectric material to store electrical potential energy 
under the influence of an electric field. A dielectric material is a material not conducting 
electric current directly. Permittivity of dielectric material can be measured by the ratio 
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of the capacitance of a condenser with the material to the capacitance with vacuum. In 
the model given in Furlani' s article, the material of beam is made of silicon nitride 
(Si3N4), but a partial electrode is put on top of the beam in order to make the beam 
dielectric [11]. An electrode is a conductor used to establish electrical contact with a 
nonmetallic part. 
The electrostatic voltage applied in the µ-beam can be considered as a uniformly 
distributed load in mechanical analysis. Figure 2.2 shows the end reactions for a beam 
with two fixed supports under uniform loading. 
w 
Ra 
Figure 2.2 A beam with fixed supports with uniform load 
When a distributed load Wis applied to the beam, the reaction force at both ends, RA and 
RB are equally WL/2. The moment at both fixed end points, MA and MB are equally 
WI..,2/12. 
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Furlani used a nonlinear forth-order differential equation to find the deflection of 
the µ-beam. Instead of solving this fourth nonlinear equation, the Equation 2.2 and an 
iteration method will be used in this thesis. 
So, the deflection of the beam can be calculated from traditional solid mechanics 
analysis using the following equation. When the load is a uniformly distributed load, the 
deflected beam shape,~. is given by 
Wx
2 
( )2 ~=- -- L-x 
24EI 
(Eqn 2.2) 
where Wis force per unit length, x is the distance from one end and Lis the length of the 
beam. Because the maximum deflection occurs at the midpoint of the µ-beam, x can be 





The switching voltage is the voltage required to move the µ-beam to the substrate. 
Substituting the electrostatic force per unit length (Equation 2.1) into Equation 2.3 gives 
the following equation. 
(Eqn 2.4) 
Equation 2.4 is the equation used to determine the switching voltage of a µ-beam. 
However, Equation 2.4 cannot be used directly to solve for the deflection, because there 
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are two unknowns, y and Vin Equation 2.4. In other words, the deflection ~ is a 
function of both voltage(V) and varying position of a µ-beam (y). To solve this 
indeterminate problem, an iteration method is used. 
Now, a µ-beam with two supports is analyzed based.on our theoretical approach. 
In order to compare our results with the results of Furlani's analysis, the same dimensions 
and parameters as Furlani used were used. The material of the model µ-beam is silicon 
nitride (SiJN4), the width of the beam (w) is 1.5 µm, the length of the beam (L) is 20 µm, 
the height of the beam (s) is 1350 A, the spacing between beam and substrate (h) is 1350 
A [11], the permittivity of free space (eo) is 8.85 x 10-12 C2 I N·m2, the Poisson's ratio 
for Si3N4 <V) is 0.24, and the Young's modulus for Si3N4especially used in thin-film and 
semiconductor fabrication (E) is 380 GPa. 
As shown in Equation 2.1, the force W increases as voltage V and beam position y 
increase. So, as the beam approaches the substrate, the voltage required to snap the 
beam down to the substrate is decreased. That means that the beam is suddenly bent 
down to the substrate near the switching voltage. For a given voltage, the beam 
experiences minimum force at y = 0 [Figure 2.3]. When the beam is deflected to the 
substrate, in other words when y is equal to h, the µ-beam experiences maximum force. 
Now, the iteration method for solving the deflection and the switching voltage is 
illustrated in Table 2.1. First, an initial position Yo is O (in the first column of Table 2.1) 
and an initial voltage Vois O (in the third column). Substituting Yo and Vo into Equation 
2.1 yields value of Wo = 0 in the fourth column of Table 2.1. Substituting Wo into 
Equation 2.3 also yields zero deflection ~o = 0 in the last column of Table 2.1. This 
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deflection ~ois the deflection of the beam at position Yo and voltage Vo. Now, 
substituting slightly increased input voltage V1 = 0.5 V with Y1 = O into Equation 2.1 
yields W1 = 6.83E-5 Nim in the second row and fourth column. Substituting W1 into 
Equation 2.3 yields ~1 = 2.43E-10 m. This ~1 value is used as Y2 in the second iteration, 
that is Y2 = 2.43E-10 m. The input voltage V2 in the second iteration is 1 V. The value 
of W2 at Y2 = 2.43E-10 m and V2 = 1 is 2.74E-4 Nim. Substituting W2 into Equation 2.3 
yields ~2 = 9.75E-10 m. This step is repeated until the deflection~ of the beam gets 
bigger than h (h = l .35E-7 m), because h is the distance between the beam and the 
substrate. When the deflection ~ is larger than the gap h at some voltage, the procedure 
is over, and the voltage at this point is called the switching voltage at the given µ-beam. 
Table 2.1 shows the corresponding deflection of beam according to increasing 
voltage according to the iteration method. When the input voltage approaches 6.5 V, the 
deflection ~ suddenly increases. This indicates that the beam snaps down at this voltage. 
We call this 6.5 Vas a switching voltage of the beam. The resulting electrostatic force, 
W, at each input voltage and beam position, increases as the position of beam y is getting 
close to the substrate. 
By the way, Furlani, et al. demonstrated the force curve according to the beam 
position at the fixed voltage of 6.8 V in their article. To compare the results of our 
analytical approach with those of Furlani' s approach, a curve of the force according to 
the beam position y at V = 6.8 is drawn based on the results from our iteration method. 
Figure 2.3 shows the two curves comparing the electrostatic force of our iteration 
method with that of Furlani' s article at a fixed voltage of 6.8. This plot indicates that the 
iterative approach used in this section gives results close to Furlani 's. 
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Beam Position Input Force Deflection 
Position y Voltage W (Eqn 2.1) t:i. (Eqn 2.3) 
(m) (V) (N/m) (m) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.5 6.83E-05 2.43E-10 
Y2 2.43E-10 1 2.74E-04 9.75E-10 
V3 9.75E-10 1.5 6.22E-04 2.21 E-09 
Y4 2.21 E-09 2 1.12E-03 4.00E-09 
Vs 4.00E-09 2.5 1.BOE-03 6.40E-09 
V6 6.40E-09 3 2.67E-03 9.51 E-09 
Y1 9.51 E-09 3.5 3.79E-03 1.35E-08 
YB 1.35E-08 4 5.24E-03 1.86E-08 
yg 1.86E-08 4.5 7.13E-03 2.54E-08 
Y10 2.54E-08 5 9.74E-03 3.47E-08 
Y11 3.47E-08 5.5 1.37E-02 4.86E-08 
Y12 4.86E-08 6 2.0BE-02 7.39E-08 
Y13 7.39E-08 6.5 4.17E-02 1.48E-07 
Table 2.1 The calculation of Ll of silicon nitride µ-beam 











- Furlani J~-~·- ;___ _ 
Iteration method #' 
04 06 08 12 
y/h 
Figure 2.3 The Comparison of electrostatic force at V = 6.8 V 
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2.1.2 µ-beam deflection using I-DEAS 
Previously in Section 2.1.1, a µ-beam with two fixed supports was analyzed using 
theoretical approach and the switching voltage was calculated. Also, our results were 
compared with Furlani' s and both results of the resulting electrostatic force showed good 
agreement. In this section, I-DEAS software is used to find the stress and deflection of 
the same dimension of µ-beam as in Section 2.1.1. The limiting factor in using I-DEAS 
is that an input load needs to be entered at each beam position in order to calculate the 
deflection of the µ-beam. In our theoretical approach, the electrostatic force W was 
calculated using Equation 2.1 at the first and then W was substituted into Equation 2.3 in 
order to solve for the deflection of beam. Even though I-DEAS software is used for a 
calculation of the deflection, Equation 2.1 is still used in order to obtain the force W. 
Consequently, an iteration method is still used to solve for the force in Equation 2.1, and 
then I-DEAS is used to obtain the deflection of µ-beam in this section. The purpose of 
using I-DEAS is to determine the deflection with solid-modeling software and compare it 
to the deflection obtained using Equation 2.3. Therefore, I-DEAS will be seen whether it 
would work on the micro-scale of structure. 
A µ-beam with the same dimension as given in Section 2.1.1 is used. From the 
theoretical approach in Section 2.1.1, the switching voltage was about 6.5 V for the given 
beam and the force Wis 4.17E02 Nim at 6.5 V. 
Now, in order to determine if the results from I-DEAS agree with the theoretical 
method, I-DEAS simulation is started. Detailed steps in using I-DEAS are shown in 
Appendix A. After calculating the force W using Equation 2.1, W value is entered into I-
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DEAS in order to obtain the deflection of the given µ-beam. For example, when the 
input voltage is 6.5 V, the resulting force Wis 4. l 7EOO Nim from Equation 2.1. From 
simulating the µ-beam by use of I-DEAS, the same maximum deflection of l.48E-07 m 
was obtained. This value is the value that the gap between the beam and the substrate 
was not considered. Now, it is assumed that I-DEAS software is reliable for the analysis 
of mechanical stress and deflection of the µ-beam. Figure 2.4 shows the result of the 
deflection of the µ-beam with two supports . 
.,..._.~_ .......... ~. - ,.,. ~ ,,..,,,,,.,, ,.~, ~ .... 
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Figure 2.4 The deflection of micro-beam using I-DEAS 
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2.1.3 Comparison results of µ-beam analysis 
In determining the deflection ti of the µ-beam in Section 2.1.2, Equation 2.1 and 
I-DEAS software were used. Based on one example, the result from I-DEAS agrees 
with the result using theory in Section 2.1.1. Now, the deflection of the beam for the 
increasing voltage is calculated using I-DEAS. The applied voltage is converted to the 
electrostatic force using Equation 2.1. Figure 2.5 shows the relationship between the 
deflection ti and the voltage V in both methods. 
fJ 12 , 
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Figure 2.5 The comparison of I-DEAS with theory (Silicon nitride µ-beam 
with 1.5 µm w by 0.135 µms by 20 µm L) 
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By using I-DEAS, it is not necessary to calculate Equation 2.3 directly. 
Nevertheless, as mentioned in Section 2.1.2, an iteration method is still used to solve 
Equation 2.1 even in analysis using I-DEAS. Also, Equation 2.3 can be calculated easily 
using several math tools instead of using I-DEAS. Therefore, even though I-DEAS is a 
good tool to solve Equation 2.3 and analyze the FE model of the µ-beam, a singleµ-
cantilever beam that is our actual model to fabricate will be analyzed using only the 
theoretical method in the next Section 2.2. 
2.2 Predictions - Analysis of single µ- cantilever beam actuator 
In section 2.1, the analysis of the deflection of a µ-beam supported on either side 
and subjected to electrostatic force was demonstrated and the switching voltage could be 
predicted using Equation 2.1 for force and either Equation 2.4 or I-DEAS for deflection. 
But, the actual µ-beam to be fabricated and tested in this study is a single cantilever 
structure. The analytical method, therefore, should be modified to predict the deflection 
of a single µ-cantilever beam because the structure is different from the model in Section 
2.1. 
2.2.1 Theory of single µ-cantilever beam actuator 
The single µ-cantilever beam is the model beam that will be fabricated and used 
as an actuator in this thesis. The material of our µ-beam actuator model is polysilicon, 
whereas the material of simple µ-beam with two fixed supports in Section 2.1 was silicon 
22 
nitride. Dimensions of the µ-beam will be changed according to micro-device design 
rules so that the beam can be fabricated successfully. In this section, the theory used in 
section 2.1.1 will be modified appropriately to be suitable for our actual singleµ-
cantilever beam model type, material and dimensions. 
iy 
w 
M'( B ... x 
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·I 
Figure 2.6 Analysis of a single µ-cantilever beam with uniform load 
Figure 2.6 shows an analysis of a cantilever beam with a uniformly distributed 
load and the resulting reactions. As in section 2.1.1, electrostatic voltage applied to the 
beam can be considered as uniformly distributed load. When an electrostatic voltage V 




2(h- y) 2 
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(Eqn 2.5) 
where eo is permittivity of free space (8.85 x 10-12 c2 / N·m2), er is relative permittivity, 
A is active area (A= wL), his the distance between the beam and substrate and y is the 
position of the beam [13]. Figure 2.7 shows the schematic of a single µ-cantilever beam 
actuator. 
L 
Doped polysilicon 0 
y 
Silicon 
Figure 2. 7 Schematic of a polysilicon µ-cantilever beam on a silicon 
substrate 
Polysilicon will be conductive after doping and the silicon wafer is also a conductor. 
Sacrificial wet oxide is not conductive. So, our cantilever beam model can be 
considered as a capacitor with two conductors separated by an air gap. For a capacitor 




where e is the permittivity of the material. So, in this case er is 1, and then e is equal to 
eo (8.85 x 10-
12 
C2 I N·m2). In order to obtain the distributed force W, Equation 2.5 is 
modified to give 
(Nim) (Eqn 2.7) 
As the type of structure being modeled has been changed to a single cantilever beam 
structure, the equation for solving for the deflection ~ of the single cantilever beam is 
now given by 
Wx
2 
( 2 2) ~=---4Lx-x -6L 
24EI 
(Eqn 2.8) 
where~ is the deflection of the beam, Wis the distributed load per unit length, Lis the 
length of the beam, and xis the distance from one fixed end [12]. 
The maximum deflection ~ of the cantilever beam occurs at the free end. So, 




Finally, the deflection of the µ-cantilever beam~ can be obtained from 
2L4 e0 wV 
~ = - 2 




The values of inputs used in Equation 2.10 are shown in Table 2.2. 
Inputs Definition Value 
w Applied force e0 wV 2 I 2(h- y) 2 , Nim 
eo Permittivity of free space 8.85 x10-12 C 2 IN ·m2 
er Relative permittivity 1 
E Young's modulus 201 GPa 
I Moment of inertia w·s 3/12 
Table 2.2 Inputs of a model µ-cantilever beam 
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Figure 2.8 The description of a sample single µ-cantilever beam 
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The dimensions of the single µ-cantilever beam were determined according to the 
micro-design and fabrication rules. The width of the beam w is 20 µm, the length of the 
beam L is 400 µm, and the height of the beam s is 2 µm. The pad for probing spacing is 
designed as 500 µm by 500 µm in order to be big enough for later wet-releasing and· 
testing. 
The same iteration method as in Section 2.1.1 was performed. Here, Equation 
2.9 instead of Equation 2.3 is used as the beam type has been changed to a single 
cantilever structure. Also, Equation 2.7 is used to convert V into W. Using Equation 
2.7 means that an iteration method is still used again in order to analyze the given single 
µ-cantilever beam. 
Table 2.3 shows the deflection of the beam ~ according to the increasing 
deflection of the beam and voltage V for a beam with L = 400 µm, w = 20 µm, ands = 2 
µm. When the input voltage is 5 V, the beam is in contact with the substrate. 
Figure 2.9 shows the relationship between the deflection~ and voltage V. As 
shown in the figure, when the input voltage approaches 5 V, the deflection~ suddenly 
increases. This indicates that the cantilever beam snaps down at this amount of voltage. 
So, the switching voltage for the given single µ-cantilever beam is 5 V. Later on, a total 
of 17 single µ-cantilever beams including these dimensions will be fabricated, and then 
the actual switching voltage required to bring the beam into contact with the substrate 
will be measured. 
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Beam Position Switching Force Deflection 
Position y Voltage w ti 
(m) (V) (Nim) (m) 
Yo O.OOE+OO o· O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.5 5.54E-06 6.63E-09 
Y2 6.63E-09 1 2.23E-05 2.67E-08 
Y3 2.67E-08 1.5 5.12E-05 6.13E-08 
Y4 6.13E-08 2 9.43E-05 1.13E-07 
Ys 1.13E-07 3 2.24E-04 2.68E-07 
Ys 2.68E-07 3.5 3.62E-04 4.33E-07 
Y1 4.33E-07 4 5.77E-04 6.91 E-07 
Ya 6.91 E-07 4.5 1.05E-03 1.25E-06 
yg 1.25E-06 5 3.98E-03 4.76E-06 
Table 2.3 The calculation of~ of a polysilicon µ-cantilever beam 
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Figure 2.9 The relationship between applied V and~ of a singleµ-
cantilever beam (2 µms by 20 µm w by 400 µm L) 
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2.2.2 Prediction of actuator switching voltage 
In Section 2.2.1, a theoretical approach for analyzing a single polysilicon µ-
cantilever beam was introduced. In this section, the switching voltage will be predicted 
for our actual dimensions of µ-beams using the theory and iteration method demonstrated 
in Section 2.2.1. These predicted values will be compared to the experimental results in 
Chapter 4. To find the deflection of a given single µ-cantilever beam, Equation 2.10 is 
used. To obtain the deflection at a given voltage, Equation 2.7 is used to convert voltage 
into distributed force. In solving for Equation 2.10, the method using I-DEAS is not 
used here, as mentioned in Section 2.1.3. A total of 17 single µ-cantilever beams will be 
analyzed, fabricated and tested in order to figure out the relationship between the voltage 
V and the deflection ~-
The actual dimensions fabricated and tested are shown in Table 2.4. Also the 
theoretical switching voltage predictions are shown in the table. The actual dimension 
after fabrication were slightly different from the targeted design. For example, the actual 
measured thickness of beam was 2.4 µm, whereas the target thickness was 2.0 µm. The 
actual fabricated and measured dimensions will be used here in order to compare the 
theoretical results with the experimental ones. From Table 2.4, the theoretical 
predictions of the switching voltage vary according to the different beam dimensions. In 
beam types 1, 2, and 3, "no response" means that the beam did not move even at up to 60 




No. Dimensions Prediction 
L x w x s fom) v 
1 25 x 20 x 2.4 No response (at 60 V) 
2 50 x 20 x 2.4 No response (at 60 V) 
3 100 x 20 x 2.4 No response (at 60 V) 
4 200 x 20 x 2.4 32 V 
5 300 x 20 x 2.4 15 V 
6 400 x 20 x 2.4 lOV 
7 500 x 50 x 2.4 7V 
8 1000 x 50 x 2.4 1.4 V 
9 2000 x 50 x 2.4 0.4 V 
10 1000 x 100 x 2.4 1.2 V 
11 1500 x 100 x 2.4 0.9V 
12 2000 x 100 x 2.4 0.5 V 
13 2000 x 200 x 2.4 0.4 V 
14 3000 x 200 x 2.4 0.14 V 
15 4000 x 200 x 2.4 0.16V 
16 3000 x 300 x 2.4 0.14 V 
17 6000 x 300 x 2.4 0.1 V 
Table 2.4 Predicted switching voltage 
Figure 2.10 shows the relationship between the deflection ~ and the applied 
voltage Vin different dimensions of µ-cantilever beam. Detailed results of the analysis 
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Figure 2.10 Deflection~ and Voltage V of different single polysilicon 
µ-cantilever beams (L x w x s in µrn) 
In solid mechanics theory, when the beam width gets wider, the less is the beam 
deflected. The predictions of the switching voltage of the given sizes of µ-beams, 
however, show that the beam width w does not influence the beam deflection ti very 
much. For example, when the length of beam L is 2000 µm long, the switching voltages 
are approximately 0.5 V for w = 100 µm and 0.4 V for w = 200 µm [Appendix B]. In a 
similar manner, the same result can be shown in 3000 µm by 200 µm beams or 3000 µm 
by 300 µm beams. In both beams, the switching voltages obtained are 0.14 V. 
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Therefore, using a minimum width µ-beam can be a good optimization reducing actuator 
cost. 
The ratio of L to w does matter in designing µ-cantilever beam. For example, as 
in the 25 µm by 20 µm beam and the 50 µm by 20 µm beam, the predicted switching 
voltage is over 60 V, and consequently, these two models are not suitable as µ-beam 
actuators. This is because the excessive voltage on a thin structure will cause the beam 
to bum out. 
As beam width and beam length larger, it seems that our gap between the beam 
and substrate needs to be thicker. In our fabrication, the wet sacrificial oxide, which will 
be the spacing gap between the beam and the substrate, is 2.2 µm thick. The µ-beam 
with a large length and width (over 1000 µm length) would be deflected easily than other 
smaller µ-beams even at a small voltage. Designing the gap thicker at a large beam 
might make it easier to test the switching voltage and the deflection of a µ-beam. 
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3 Micro-beam Fabrication 
3.1 Overview of overall fabrication process 
Fabrication technology is based on a number of tools and methodologies that are 
used to make small structures with dimensions in the micrometer scale. A significant 
part of the technology has been adopted from integrated circuit (IC) technology. For 
instance, almost all devices are built on silicon wafers. The structures are realized in thin 
films of materials. They are patterned using photolithographic methods. However, 
there are several processes used in MEMS fabrication that are not derived from IC 
technology, and as the technology continues to develop, the gap with IC technology also 
grows. MEMS originally used modified IC fabrication techniques and materials to 
create these very small mechanical devices [ 1]. 
The fabrication procedure for the single µ-beam actuators is introduced here, and 
details are given in the following sections. Figure 3.1 shows the overall steps ofµ-
cantilever beam fabrication. The first step is to make a CAD drawing according to theµ-
fabrication design rules [Step l]. The information in the drawing is used to fabricate the 
appropriate mask [Step 2]. Then RCA Clean to clean the wafers before the high 
temperature steps is done [Step 3]. Next, a sacrificial layer of wet oxide is grown in the 
Bruce furnace [Step 4]. The targeted thickness of wet sacrifice oxide is 2 µm. 
Polysilicon is deposited on the grown wet oxide in the 6 inch Low Pressure Chemical 
Vapor Deposition machine (6" LPCVD) [Step 5]. The targeted thickness of polysilicon 
is also 2 µm. 
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1. CAD Layout 
2. Mask 
3. RCA Clean (1 hr) 
4. Wet Oxide Growth (13 hr) 
5. Deposit polysilicon (6 hr) 
6. Dope polysilicon n+ ( 4 hr) 
7. Apply Resist 
8. Photolithography (2hr) 
(Exposure/Develop) 
9. Etch polysilicon (2 hr) 
10. Strip photo-resist (1/2 hr) 
11. Release (6 hr) 
Figure 3.1 Process of the µ-cantilever beam fabrication 
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The purpose of doping polysilicon n+ is to make the polysilicon beam conductive [Step 
6]. After doping polysilicon, the beam and the substrate (p-type wafer) will be 
conductive. For photolithograghy, several steps are required. Apply photo-resist first 
[Step 7]. Align the mask. Then, expose the wafer to light through the mask and 
develop the resist [Step 8]. Positive resist is used to leave the desired area of photo-resist. 
The area of resist that is exposed to light will be etched away. After Photolithography, 
the next thing is to etch the polysilicon deposited on top of the oxide layer [Step 9]. 
Plasma etching was used to remove the polysilicon that is not needed. After etching the 
polysilicon, strip the photo-resist away [Step 10]. After the resist is removed, the wafer 
is released in order to etch the desired amount of sacrificial wet oxide away [Step 11]. 
Finally, the wafer is completely fabricated and ready for a test. 
3.2 CAD Layout 
In the MEMS CAD drawing, each layer represents a different process. Each 
layer has its own color, so they can be distinguished from each other. The layer used in 
this actual design and fabrication is polysilicon layer only. The minimum width of 
polysilicon is 20 µm and minimum spacing between the polysilicon beams is 10 µm. 
The size of each component is important, because failure to adhere to the design rules 
could result in a fatal problem. Not only do the design rules prevent a fatal error, but 
also the rules help make the device performance consistent, for example, a minimum 
width for resistors will make values more consistent. Figure 3.2 shows a schematic of a 
micro-cantilever beam. 
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Doped polysilicon beam 
Sacrificial wet oxide P-type silicon wafer 
Figure 3.2 Cross-section of a micro-cantilever beam 
According to the MEMS design rules, the minimum width of the polysilicon is 20 
µm, and this rule is applied to our real design and fabrication. The widths of the actual 
single µ-cantilever beams that we fabricate were 20 µm, 50 µm, 100 µm, 200 µm and 300 
µm. In addition, the allowable range of beam thickness is 1.5 µm to 3 µm. The targeted 
thickness of the beam was designed as 2 µm. The allowable thickness of the wet 
sacrificial oxide is up to 3 µm. The target value of sacrificial oxide was designed as 2 
µm thick. The minimum pad size for probing is 100 µm by 100 µm, and minimum pad 
size for wire connections is 1000 µm by 1000 µm. The pad size for probing was 
designed 500 µm by 500 µm and 1000 µm by 1000 µm depending on the width of theµ-
beams. 
In this thesis, Mentor Graphics CAD tool is used for drawing. Figure 3.3 shows 
the picture of the CAD drawing that we designed using CAD. As shown in Figure 3.3, a 
total of 17 µ-beams were fabricated, each with a unique length and width, a thickness of 2 
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µm, and a wet oxide thickness of 2 µm. The wet sacrificial oxide will be the gap 
between the wafer and the beam. The information in Figure 3.3 is used to make the 
mask. The arrangement of the µ-beams in Figure 3.3 was intended to save space of 
wafer. 
Figure 3.3 Layout of one cell of µ-cantilever beams using MEMS CAD 
3.3 Mask 
When the CAD layout is finished, a mask is fabricated based on the CAD design. 
The CAD layout has the geometrical information for making the mask. 
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In this thesis, only one layer of polysilicon is required, therefore only one mask is 
needed. The overall cell layout size is 7875 by 5575 µm. The CAD layout of theµ-
beams was designed to minimize this cell layout size to save cost. The mask will be 
·used in the photolithography process. The mask consists of a flat transparent glass and 
opaque substance deposited to form the desired patterns, which will be the shape of theµ-
beams from the top view. Usually, the thickness of glass is about 2 mm, and that of the 
opaque substance is a few µm. Figure 3.4 shows the picture of mask made. The dark 
areas will block the light and prevent those areas of the polysilicon layer from being 
exposed to the light during the photolithography step. 
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Figure 3 .4 Picture of Mask 
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3.4 RCA Clean 
After the CAD drawing is made, the wafer is prepared. Currently, there are two 
types of wafers used: n-type and p-type. In this thesis, a 4 inch diameter p-type wafer is 
used. The p-type wafer requires low resistivity. To measure the resistivity, the four-
point probe method is used. The sheet resistance or wafer resistivity can be measured 
using a four-point probe with a sensitive voltmeter (20 mV full scale). Measured sheet 
resistance should be less than 25 .Q. Sheet resistance of film p* can be calculated by 
using the following equation 
re V V 
p* = -·- = 4.532 -
ln2 I I 
(Eqn 3.1) 
, .Q (Ohms) 
where Vis voltage, I is current and p* is sheet resistance. The bulk resistivity pis used 
to find film thickness. Film thickness t can be obtained by the following equation 
p 
t = • (Eqn 3.2) p 
where p is bulk resistivity and tis film thickness. 
After checking the power supply of the multi-meter, high voltage supply and low 
voltage supply, the high voltage supply is set to 200 V and the low voltage supply to zero. 
The wafer was placed face-up under the four-point probe, and the lever was pushed so 
that the four point tips retract into the head contact. The current I measured was 101 mA. 
The voltage V measured was 0.39 V. Substituting into the Equation 3.1 with the values 
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measured yields 17.5 Q (Ohms). Consequently, p• is 17.5 Q and the wafer is qualified 
for fabrication. 
Next an RCA Clean is performed. The purpose of an RCA Clean is to clean the 
wafers in order to remove the organic contaminants such as dusts from the wafer surface 
before the high temperature steps. In the cases of using wafers that have already been 
used, it is necessary to remove the photo-resist first. To remove the photo-resist, the 
wafer is soaked in acetone for 30 seconds and then in water for 30 seconds. The wafer is 
dried in the Spin-Rinse Dry (SRD) machine to prevent water from drying on the wafer 
while preparing the RCA Clean bath. 
The schematics of the RCA Clean step are shown in Figure 3.5. The RCA Clean 
uses 30 % unstabilized hydrogen peroxide (H202), 37 % Hydrochlorine (HCl) and 27 % 
ammonium hydroxide (NH40H). There are two bath tubes called APM (Ammonium 
Hydroxide I Hydrogen Peroxide I DI water Mixture) and HPM (Hydrochlorin I Hydrogen 
Peroxide I DI water Mixture). In this experiment, 4500 ml of H20 and 300 ml of 
NH40H is put in the A TM in the first. The bath will not heat until 4500 ml of liquid is 
added. When the bath reaches to 70 °C, 900 ml of H202 is put into the APM (bath 1) for 
a ratio of 1 NH40H: 3 H202: 15 H20. Once the wafer is placed in the bath, it is needed 
to look for bubbles in the bath, which indicates that the H202 is being broken down into 
H20. A total of 15 minutes are taken in APM (bath 1). The second step is a DI water 
rinse, which has also two baths. The wafer is put in the downstream bath for 2 minutes 
and 30 seconds and in the upstream bath for the same time. Next, the wafer is put in a 
HF (Hydrofluoric Acid) bath for 60 seconds. The HF bath is a mixture of 1 part HF to 
50 parts HzO. The DI water rinse is repeated again. Then, HCl, H202 and H20 into 
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HPM (bath2) are mixed in proportion to 1:3: 15 for 15 minutes. In this experiment, 4500 
ml of H20, 900 ml of H202 and 300 ml of HCl are used (bath 2). The DI water rinse is 





70 ° c 
15 minutes 
DI water rinse 
5 minut s 





70 ° c 
15 minutes 
Spin Rinse Dry 
30 sec 
HF 
( HF, HzO) 
60 sec 
DI water rinse 
5 minutes 
Figure 3.5 The RCA Clean Procedure 
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3.5 Growth of Wet Oxide 
After the RCA Clean is done on the bare wafer, the wet oxide is grown to the 
desired thickness in the Bruce Furnace. Here the target thickness is 2 µm. This wet 
oxide is the sacrificial oxide and will be etched away later to make the space under the 
polysilicon cantilever beam. Figure 3.6 shows the boat containing the wafers and the 
furnace entrance in the Bruce Furnace. The Bruce Furnace consists of 4-stacks of tubes. 
The furnace can grow dry oxide, wet oxide, n-type diffusion and p-type diffusion. 
Figure 3 .6 Bruce Furnace [Semiconductor and Microsystems Fabrication 
Laboratory, Rm#: 2770, Micro-Electronic Engineering Department, RIT] 
The Bruce Furnace needs to be warmed up before beginning the process. For 
warming up, recipe no. 888 is used. The recipe no. 888 is scheduled to warm up the 
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furnace up to 800 °C. At the beginning, checking the tanks to see if there is enough 
hydrogen, oxygen, and any other chemicals needed is to be done. Dummy wafers are 
used to fill the wafer boat. Without dummy wafers, the two wafers at the ends would 
burn out. In the experiment, 20 dummy wafers are used at the front and rear side in 
order to fill the boat. 
For growing of the wet oxide, recipe no. 522 is used to grow a 2 µm (20000 A) 
sacrificial wet oxide. The steps of growing wet oxide are shown in Figure 3.7. 
Push In 
(25 °C, Nz, 12 min) 
Stabilize 
(800 °C, Nz, 20 min) 
Ramp Up 
(Nz, 30 min) 
Oz Flood 
(1100 °C, Oz, 5 min) 
Soak 
(Oz, Hz, 10 hr and 30 min) 
Nz Purge 
(Nz, 5 min) 
Ramp Down 
(Nz, 55 min) 
Pull Out 
(Nz, 15 min) 
Figure 3.7 Recipe 522 for the growth of wet oxide 
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During the process, water level is checked every 30 minutes, and it is needed to watch 
moisture entering the furnace to verify proper operation, and also the temperature of the 
bubbler is checked. A total of 13 hours are required for the growth of oxide. 
Figure 3.8 shows the schematic of the wet oxide made on the wafer.· After the 
wet oxide is grown, the thickness of the oxide is measured to see if the wet oxide is 
grown as same as we desired. The reflectance spectrometer, commonly called Nanospec, 
is used for the measurement of the grown wet oxide [Figure 3.9]. 
I 
Wet Oxide ( 2.2 µm thickness) 
p-type wafer 
Figure 3.8 Schematic of wafer after growth of wet oxide 
Using Nanospec, the thickness of the wet oxide was measured three times. The 
range of the thickness of the oxide on silicon measurable on the Nanospec instrument is 
400 A to 30000 A. The thickness of wet oxide measured was 22056 A, 22060 A and 
22023 A. This is close to our targeted thickness of 2 µm (20000 A). In the analysis of 
predicted switching voltage, 2.2 µm will be used as the space between the micro-beam 
and the wafer. 
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Figure 3.9 Nanospec [Semiconductor and Microsystems Fabrication 
Laboratory, Rm#: 2730, Micro-Electronic Engineering Department, RIT] 
3.6 Deposition of polysilicon 
The next step is to deposit polysilicon on top of the sacrificial wet oxide. The 6 
inch Low Pressure Chemical Vapor Deposition machine (LPCVD) is used for the 
deposition of polysilicon, nitride and LTO. The deposition rate is 90 A I minute and our 
target thickness of the polysilicon is 2 µm, or 20000 A. From the calculation of dividing 
the target thickness of polysilicon by the deposition rate, a total of 222 minutes are 
expected to deposit the desired thickness of polysilicon. Figure 3.10 shows the 
schematic of the polysilicon deposited on top of the sacrificial oxide. 
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.----- Polysilicon (2.4 µm thickness) 
P-type wafer 
Wet Oxide (2.2 µm thickness) 
Figure 3 .10 The schematic of the deposited polysilicon on top of the wet 
oxide 
Again, dummy wafers are used as in the growing of wet oxide. At the beginning, 
checking for leaks is needed, and if there are none, depositing polysilicon can be started. 
After the deposition is completed, the thickness of the deposited polysilicon is 
measured. The Stain and Groove technique is used for measuring the thickness of 
polysilicon. The Nanospec that was used to measure the thickness of the wet oxide is 
not suitable to measure the thickness of deposited polysilicon here. The measurable 
thickness of the polysilicon when using Nanospec is 400 A 10000 A. Because our 
expected thickness of the deposited polysilicon is 20000 A, our model is too thick to 
measure with Nanospec. 
In order to measure thickness of the deposited polysilicon using the Stain and 
Groove method, first the surface is scratched and then a stain is made as shown in Figure 
3.11. This stain part will be used to measure the thickness of the deposited polysilicon. 
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Stain after scratching 
Groove 
Figure 3.11 The measurement by using Groove and Stain Techniques 
After making a stain, the values of Mand N were measured. The measured values of M 
and N were 0.00477 and 0.03028 inches, respectively. D was 1.532 inches. The 
thickness of polysilicon can be calculated by 
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Thickness t = (N · M) 
D 
(Eqn 3.3) 
The value of thickness obtained from Equation 3.3 is 0.00009428 inches. For giving 
consistency of units, this result was converted to µm scale by multiplying by 25400. 2.4 
µm was obtained as the thickness of the deposited polysilicon. Our target thickness was 
2 µm. This measured thickness of 2.4 µm will be used for the thickness of our model 
micro-beam, and will be used for the calculation of analytical method. 
3. 7 Doping polysilicon 
The purpose of doping polysilicon n+ is to make the layer of polysilicon 
conductive. Conductivity is important because we are going to apply voltage to the 
beam in order to cause deflection. As the wafer is p-type and the polysilicon is n+ doped, 
the beam and the substrate (wafer) will be conductive. In the doping process, the spin-
coater, oven, and Bruce furnace are used. Figure 3.12 shows the steps of doping 
pol ysilicon. 
A spin-on glass dopant source and high temperature diffusion process are used to 
allow dopant atoms to diffuse from the spin-on glass into the polysilicon. The first thing 
is to prepare Emulsitone N-250, which is a phosphorous n-type spin-on dopant. After 
fixing one wafer onto the Spin-Coater, drops of Emulsitone N-250 are placed on top of 
the wafer, and the Spin-coater is run for 60 seconds at 3000 rpm. This step is repeated 
five times, as a total of five wafers need to be doped. Then, the wafers are loaded into a 
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boat and put into oven. The wafers are baked in the Blue M-Oven for 15 minutes, where 
the temperature of the oven is already set up to 200 °C. 
Spin Coat 
(3000 rpm, 60 sec) 
• 
Bake 
(200 °C, 15 min) 
... 
Diffusion 
(Recipe no. 120, n-type) 
--.-
BHP Wet Etch 
(3 min) 
• 
DI water Rinse 
(5 min) 




Figure 3.12 The step of the polysilicon doping 
The next step is then-type diffusion in the Bruce Furnace. Recipe number 120 is 




(800 °C, N2) 
Push In 
(800 °C, N2, 12 min) 
Ramp Up 
(1000 °C, N2, 20 min) 
Soak 
(990 °C, N2, 15 min) 
Ramp Down 
(25 °C, N2, 40 min) 
Pull Out 
(25 °C, N2, 15 min) 
Figure 3.13 The recipe for the polysilicon n-type diffusion 
Figure 3.14 shows the virtual image describing polysilicon doping. The Bruce 
Furnace was already used to grow wet oxide in previous step in section 3.5. Unlike 
growing wet oxide, dummy wafers are not used here. After n-type diffusion is over, the 
spin-on glass will be etched off. Phosphorous-doped glass is etched in the BHF 
(Buffered Hydrofluoric Acid) for 3 minutes, and then rinsed in a DI water bath for 5 
minutes. Finally it is rinsed and spun dry before the measurement of conductivity. To 
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measure the conductivity, the four-point probe method that used to measure the resistivity 
of wafer in the Section 3.4 is used again. 
Atom diffusion into polysilicon 








When the polysilicon is doped and the mask is prepared, the next step is the 
photolithograghy. Photolithography has several sub-steps. In this thesis, one 
polysilicon beam layer and one mask are used. Therefore, the photolithography process 
is performed once. But, if there are more layers and masks, this photolithography 
procedure as many as the number of layers or masks is repeated. 
Figure 3.15 shows the typical process of the photolithography. When the cleaned 
wafer is ready, photo-resist is applied. A photo-resist is an organic polymer sensitive to 
the light. The sensitivity causes the increase or decrease of solubility of polymer to the 
chemicals exposed. Typically, ultraviolet light is used for a sharper image. The 
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performance of photo-resist is evaluated by its adhesion to the wafer surface, etch 







Figure 3 .15 The steps of photolithography 
There are two types of photo-resist, the one is positive and the other is negative. 
Figure 3.16 shows the two types of photo-resist. Photo-resist is applied by putting some 
amount of liquid resist on the wafer, and the wafer is spun for the liquid to be spread 
uniformly. The target thickness of the resist is 1 µm. While the positive resist becomes 
more soluble when exposed to the light, the negative resist becomes less soluble when 
exposed to light. The advantage of positive resist is good resolution. On the other hand, 
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negative resist has better adhesion to Si02 or metal surface, good etch resistance, high 
sensitivity, and low cost. Positive resist method is used in our fabrication. 
Ultraviolet Light 













• • • • • 
Wafer 
L-/1..,_ _ _,7 
Wafer 
(b) 
Figure 3.16 The two photo-resist types 
(a) Positive resist, (b) Negative resist 
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As shown in Figure 3.16, photolithography uses light to expose the photo-resist on the 
surface of the silicon wafer. So, only the area not blocked by the mask will be exposed 
to the light. There are three ways of exposing the photo-resist through the mask, contact 
printing, proximity printing and projection printing. Among those three methods, the 
projection method is most widely used. Because there is no actual contact, it does not 
cause mask wear. Figure 3.17 describes a projection method. 
UV source 





l l l 
~ 
Mask 
Figure 3 .17 Projection printing exposure methods 
Next is to soft bake in order to remove solvents. The purpose of the soft bake is 
to improve adhesion to the wafer. The operating temperature is about 90 °C and running 
time is about 15 minutes. Then, the mask is aligned. Precise mask alignment is very 
important, particularly when there are several layers requiring that several masks. When 
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the mask is aligned precisely, light is exposed. The exposure can be calculated by 
multiplying light intensity by time. Then, resist is developed. After development, the 
wafer is rinsed in order to remove the remaining chemicals. Next step is to hard bake in 
order to improve the adhesion. The wafer is now ready for etching. 
Figure 3.18 shows the virtual schematic of the wafer after applying photo-resist. 
Figure 3.19 describes the wafer and resists left after exposing light through the mask. 





Figure 3 .18 Picture of wafer after photo-resist is applied 




Doped pol ysilicon 
Wet Oxide 
Figure 3.19 Photo-resist after exposure and development 
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In this thesis, positive resist is used. So, the desired areas of the photo-resist that are 
blocked by the mask remain. 
3.9 Etch of polysilicon 
After the photo-resist is exposed to light through the mask, developed, and hard 
baked, the next step is to etch the polysilicon, which is on top of the wet oxide layer. 
Etching is to remove the desired area of polysilicon, where the photo-resist has already 
been removed through the exposure to the light through the mask. The etching should be 
stopped after the polysilicon is etched and before much of the wet oxide is etched. The 
etching rate that was measured in the previous similar experiments can be used to predict 
the time to etch the polysilicon. There are two types of etching, chemical etching and 
plasma etching. Plasma etching is used here. 
In Plasma etching, SF6 is used as an inert gas. When added electron impact, 
SF6 + e ~ SFs + F + e (Eqn 3.4) 
Fluorine is combined with silicon to produce and emit gas. 
Si + 4F ~ SiF4 (gas) (Eqn 3.5) 
So, polysilicon is combined with fluorine and emitted to air. This is the basic of etching 





Wet Oxide ___ __, 
Figure 3.20 The schematic after etching polysilicon 
3.10 Strip photo-resist 
After etching the polysilicon, the resist coating that remains on the surface of the 
polysilicon left unetched should be removed. Two kinds of stripping methods are used: 
wet and dry stripping. Wet stripping uses liquid chemicals such as a mixture of sulfuric 
acid and hydrogen peroxide (H2S04-H202). Dry striping uses plasma etching with 
oxygen as a reactive gas. Dry stripping is used here. The mechanism of striping resist 
IS 
02 + Energy = 20 (Eqn 3.6) 
O is reactive and can combine with plastics, wood, carbon, photo-resist, and so forth. 
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Wafer 
Wet Oxide 
Figure 3.21 The schematic after stripping resist 
3.11 Release 
After the resist is removed, the wet sacrificial oxide is etched away. Isotropic, 
anisotropic and dopant stop etching can be used to etch the wet oxide. Isotropic etch is 
used to release the sacrificial oxide in this step. Figure 3.22 illustrates how isotropic 
etching removes the sacrificial oxide. The shaded area indicates remaining wet 
sacrificial oxide. 
Isotropic etching etches in all directions at the same etching rate. Time to etch 
depends on the area of the wet oxide to be etched. The wafer is release until the wet 
sacrificial oxide under the beams is completely removed. The oxide under the probing 
pad will remain to act as an insulator between the beam (positive electrode) and the wafer 
(ground), thus, it become to be ready to create a voltage potential that will cause theµ-
beam to deflect. 
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Figure 3.22 The schematic of wet etching oxide progress 
For releasing, HF (49 %) and HCl are used. HF and HCl are mixed in equal 
amounts (1:1). Mixed HF and HCl is put into a plastic beaker. The etching rate is about 
1.5 µm I minute. The wafer is put into the beaker where HF and HCl are mixed for 1 
hour. Then, all the µ-beams whose width is less than 100 µmare fully released and 
ready to test. 
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Because the width of µ-beam is various from 20 µm to 300 µm, it is not necessary 
to release every µ-beams. The reason is that if the µ-beams with 300 µm widths are fully 
released, then the sacrificial oxide under the probing space in the µ-beams whose width is 
less than 200 µm will be etched away so much that it is impossible to test the µ-beams. 
So, our approach here is to release the sacrificial oxide of the µ-beams whose width is 20 
µm and 50 µm first. The expected etching rate is about 1.5 µm per minute. So, the 
wafer is released for 15 minutes. Total 45 µm of the beam width is expected to etch 
away because the etching method is an isotropic etching. But, the actual etching rate 
was 1.0 µm per minute. So, the wafer was needed to release 10 minutes more in order to 
release 50 µm more of the beam width. Then, the 20 µm and the 50 µm width ofµ-
beams were tested. After that, the wafer is released for the wet oxide of the µ-beams 
whose width is 100 µm according to the actual etching rate, and then those beams were 
tested. This procedure is repeated until the sacrificial oxide of 300 µm widths ofµ-
beams is fully released. 
Figure 3.23 shows us that the virtual cross-section of the µ-beam after the wet 
oxide is released. 
Polysilicon 
h 
(2.4 µm beam height) 
Be:m ~eng:i, 
1 ••1~••!!1 •1 ••Ir·~---=···=····=·································· t ·· 2.2 µm gap 
Wafer 
Wet oxide (insulator) 
Figure 3.23 The cross-section of µ-beam after release 
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The wet oxide is a kind of glass, so it is not conductive. So, when applying voltage 
between the µ-beam and substrate wafer, electrostatic force field occurs under the µ-beam, 
and causes the µ-beam to move toward the wafer. 
When releasing is done; the fabrication step is completed. Figure 3.24 (a) shows the 
picture of the wafer after releasing. 
Figure 3.24 (a) Photograph of the wafer after the µ-beams were released 
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A total of 125 cells were fabricated in patterns. Each cell has a total of 17 singleµ-
cantilever beams. The ratio of the size of the picture (a) to the actual wafer is 1.25: 1. 
Figure 3.24 (b) shows a magnified view of nine cells with a total of 17 single µ-cantilever 
beams in each cell. The single µ-cantilever beams will be tested in order to find the 
switching voltage of each beam. The thickness of polysilicon beam measured by Groove 
and Stain method was 2.4 µm, whereas the target thickness of the polysilicon beam was 2 
µm. The height of the wet sacrificial oxide is the distance between the beam and wafer. 
The measured thickness of wet oxide using Nanospec was 2.2 µm, whereas the targeted 
thickness of wet sacrificial oxide was 2 µm. So, each beam has a spacing of 2.2 µm 
between the polysilicon beam and wafer (substrate). 
Figure 3.24 (b) 9 cells with patterns including 17 µ-beams each 
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4 Test and Results 
4.1 Testing Apparatus 
The switching voltage was measured using the setup shown in Figure 4.1. The 
movement was observed through a microscope and video monitor. The testing 
procedure was recorded using the VCR and the detailed test procedure is described 
below. 
(1): Monitor 
(2), (3): Power 
Supply 
(4): Microscope (4) (2) 
(5): Probe Station 
(6): VCR 
Figure 4.1 Testing set-up [Semiconductor Device Characterization Lab, 
Rm#: 1515, Micro-Electronic Engineering Department, RIT] 
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Before the test, the conductivity of both the wafer and the polysilicon beam were 
checked. If the polysilicon beam is not conducting, that means that the beams were not 
properly doped during the fabrication . The conductivity can be checked using the four-
point probe method. After checking the conductivity, the wafer is held on the stand of 
the microscope, and the vacuum switch is turned on. The vacuum holds the wafer firmly 
in place. Figure 4.2 shows the picture of wafer being tested. Plus ( +) connector from 
power supply is connected to the wafer and (-) to the probe station. Instead of 
connecting to the wafer, plus ( +) can be connected to the screw on the stand as shown in 
Figure 4.2. The probe station is on the right side with the tip connected. 
Figure 4.2 Schematic of applying voltage 
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After testing set-up is done, one cell is chosen to test and the tip of probe station is 
moved to one of the µ-beams. In order to see if the µ-beams are fully released and ready 
to test, the tip of probe station is moved close to the beam end. Then, the end of the 
beam is touched using the tip of probe station until the beam is broken down. When the 
µ-beam is broken, it can be seen that whether the wet oxide is released enough. If not 
fully released, wet oxide remains black in the area under the previously removed beam. 
If the sacrificial oxide is fully released, there can be seen only white wafer surface. 
When an isotropic etching was used, checking several µ-beam will be enough because 
etching is done in all directions at a same etching rate. 
After checking the release, the tip is moved to another µ-beam for testing. The 
reason that a large probing pad was designed in Section 3.2 was to have enough room for 
positioning the tip of the probe station [Figure 3.3]. After the tip of the probe station is 
positioned to the probing pad correctly, the power supply is turned on. The mode of 
power supply is switched into voltage mode. Start increasing the voltage slightly, 
watching the monitor. The voltage increased until the µ-beam is bent down to the wafer. 
When the µ-beam is deflected, it can be seen that the end point of the µ-beam becomes 
gradually out of focus in the microscope and snaps down on the wafer. The 
corresponding voltage when the end of the µ-beam snapped down was recorded. The 
maximum voltage that could be applied with a single power supply is 30 V. Connecting 
two power supplies makes it possible to apply up to 60 V. 
There are total 125 cells in the wafer [Figure 3.24 (a)]. In Figure 3.24 (a), it can 
be seen that some of the cells, especially in the outer edge area, are not available for the 
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test because they are mal fabricated. Figure 4.3 shows the picture of the singleµ-
cantilever beam that fabricated badly. 
Figure 4.3 Picture of a mal fabricated µ-beam 
4.2 Result 
The purpose of testing the µ-beams is to figure out how much voltage is required 
to move each µ-beam. The result of testing is shown in Appendix C. As shown in 
Appendix C, some of the µ-beams have been fabricated so badly that they cannot be 
tested [Figure 4.3]. 
Through testing, it can be seen that there are also µ-beams already stuck into the 
wafer surface even before applying the voltage. Some of those stuck µ-beams were 
recovered by touching the end point of the µ-beams using the tip of the probe station. 
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But, those recovered µ-beams were curved up after the end point was separated from the 
wafer. In particular, many of the already stuck µ-beams with the 20 µm of width were 
not recovered easily and could not be tested. In some cases, the initial shape of theµ-
beams that were not stuck to the wafer seems to be not exactly horizontal even before 
applying voltage. It seems that the µ-beam is curved up because of the internal stress 
after fabrication. Consequently, all these curved µ-beams require much more voltage to 
deflect the µ-beams down. 
Figure 4.4 shows the picture of a µ-beam that was stuck. A broken beam is 
shown near the stuck µ-beam for a reference. If the µ-beam were not stuck, the position 
of the end point of the µ-beam would be 2.2 µm high over the broken beam, and the 
difference in the height should cause the different focus of image between the two beams 
on the microscope. 
Figure 4.4 Picture of a stuck µ-beam 
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Figure 4.5 (a) shows the picture of a µ-beam that was not stuck before testing. 
After applying a sufficient switching voltage, the end point of the µ-beam is deflected and 
snaps down to the wafer. Figure 4.5 (b) shows the picture of the µ-beam that was bent 
down after applying voltage. 
(a) 
(b) 
Figure 4.5 Picture of a µ-beam (a) before testing (b) after testing 
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As predicted in Section 2.2.2, the first two µ-beams in Table 2.5, that is, the 25 
µm x20 µm beams and the 50 µm x20 µm beams did not move even at the maximum 
voltage applied by two power supplies. The 100 µm x 20 µm µ-beam was deflected only 
once. [Appendix C]. 
Figure 4.6 shows the data-point of the switching voltage of the µ-beams with 200 
µm lengths and 20 µm widths. The average switching voltage of these µ-beams was 36 
V whereas the prediction is 32 V. The two large invalid data could result from the 
reason that the end of the µ-beam after being pulled apart from the wafer was curved up 
too much. µ-beams that were not stuck showed effective testing data. 
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Figure 4.6 Measured Switching Voltage of µ-beam (L=200 µm, w=20 µm) 
( * Beams were observed to have been curved up) 
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Figure 4.7 shows the switching voltage of µ-beams whose length is 300 µm and 
width is 20 µm. The measured average switching voltage of this size of µ-beams was 23 
V, whereas the theoretical prediction for the switching voltage of this size of µ-beams 
was 15 V. Fewer data were obtained in this case because many of µ-beams with this 
dimension were already stuck to the wafer, were not recovered, and hence were not 
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Figure 4.7 Measured Switching Voltage of µ-beam (L=300 µm, w=20 µm) 
Figure 4.8 shows the switching voltage of µ-beams whose length is 400 µm and 
width is 20 µm. Two µ-beams showing invalid data were observed by the microscope. 
They were already curved up before applying voltage. The measured average switching 
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voltage of testing results was 16 V, whereas the theoretical prediction of the switching 
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Figure 4.8 Measured Switching Voltage of µ-beam (L=400 µm, w=20 µm) 
Figure 4.9 shows the switching voltage of the µ-beams with 500 µm lengths and 
50 µm widths. The average switching voltage is about 16 V, whereas theoretical 
prediction is 7 V. 
Figure 4.10 shows the result of the switching voltage of the µ-beams when length 
is 1000 µm and width is 50 µm. The average switching voltage measured was 11 V, 
whereas the prediction is 1.4 V. Two large values of data led to the assumption that the 
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Figure 4.10 Measured Switching voltage of µ-beam (L=lOOO µm, w=50 
µm) 
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Figure 4.11 shows the result of the switching voltage of the µ-beams measured 
when length is 2000 µm and width is 50 µm. The prediction of switching voltage in 
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Figure 4.11 Measured Switching voltage of µ-beam (L=2000 µm, w=50 
µm) 
Figure 4.12 shows the result of the switching voltage of the µ-beams measured 
when length is 1000 µm and width is 100 µm. While the prediction of switching voltage 
is 1.2 V, the average switching voltage from the testing results are about 11 V. 
Figure 4.13 shows the results when the beam length Lis 1500 µm with the same 
width of 100 µm. The theoretical prediction is 0.9 V, whereas the testing results are 
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Figure 4.13 Measured Switching voltage (L=1500 µm, w=lOO µm) 
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Figure 4.14 shows the result of the switching voltage of the µ-beams measured 
when the beam length is 2000 µm and the beam width is 100 µm. The average switching 
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Figure 4.14 Measured Switching voltage (L=2000 µm, w=IOO µm) 
Next, the µ-beams with 200 µm widths and with lengths of 1000, 1500 and 2000 
µm were tested. No effective testing results were obtained for this size of µ-beams. The 
reason was that too long length and wide width caused strong sticking of the polysilicon 
beam to the wafer surface. In the smaller sizes of µ-beams, even though the µ-beam 
might already have been stuck, touching and separating the end points manually by using 
the tip of the probe station could recover the µ-beam. But, in these cases of long length 
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and width, it was not easy to recover the stuck µ-beams. The same tendency was shown 
with the case of 300 µm wide µ-beam. 
Figure 4.15 shows the comparison of the average switching voltage of test result 
with the prediction when the width of µ-beam is 20 µm. As beam length increases, the 
corresponding switching voltage decreases. It can be seen that there are some 
differences in values between prediction and testing result, but both curves have similar 
trends. 
Figure 4.16 shows the comparison of the average switching voltage of test result 
with the prediction when the width of µ-beam is 50 µm. Similar to Figure 4.15, the two 
curves show similar trends. Figure 4.17 shows the comparison of the average switching 
voltage of test result with the prediction when the width of µ-beam is 100 µm. 




200 300 400 
Length of µ-beam, µm 
Figure 4.15 Comparison of Switching voltage (µ-beam width is 20 µm) 
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Figure 4.16 Comparison of Switching voltage (µ-beam width is 50 µm) 
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Figure 4.17 Comparison of Switching voltage (µ-beam width is 100 µm) 
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4.3 Discussion 
From the results of the predicted switching voltage in Table 2.5, it seems that the 
beam width does not significantly influence the beam deflection. For example, when the 
length of the beam is 2000 µm long, the switching voltages are all about 1 V regardless if 
the width of the beam is 100 µm or 200 µm wide. When considering the 3000 by 200 
µm beam and the 3000 by 300 µm beam, the same switching voltage of 0.14 Vis 
obtained. These beams, however, were not applicable for the experimental testing 
because of their large dimension. Nevertheless, the minimum width of the µ-beam is 
recommended to save the use of wafer. 
It can be said that µ-beams with relatively short length per unit width will not be 
suitable for the µ-beam actuators. As an example, both in the 25 by 20 µ-beams and the 
50 by 20 µ-beams, the switching voltage is supposed to be over 100 V in the prediction 
using theory. In the actual testing, the maximum voltage that could be applied was 60 V. 
Testing showed that those two µ-beams did not move at maximum voltage of 60 V except 
for one case. Also, that amount of large voltage will bum the µ-devices out. 
Through testing, it is found that µ-beams with 20 µm width and long length have 
some unexpected problems. In prediction, it seemed that the 20 µm width µ-beams are a 
preferable model for an actuator. Many of these µ-beams such as the 300 µm and 400 
µm long beams, however, were already stuck to the wafer surface even before testing. 
The width 20 µm is the minimum requirement for MEMS design rule. It can be seen that 
the µ-beams with the relatively narrow width compared to the length are easily stuck. 
Another problem of the µ-beams with that size is re-usability. Even the µ-beam with the 
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20 µm width that were not stuck initially and hence qualified for testing, after testing 
once, became stuck to the substrate. After removing the voltage applied to the µ-beam, 
the deflected end point does not go back to its initial state. For these reasons, the width 
of µ-actuator beam is recommended to be wider than 20 µm. 
On the other hand, the µ-beams with a long length are not qualified for µ-beams 
actuators either. The first reason is that many of the long-length µ-beams are already 
stuck. In the case of µ-beams with 20 µm width, the longer the length, the more µ-beams 
were found to be stuck. 
Another avoidable problem is when the µ-beam width is too wide. As in theµ-
beams that were 200 µm wide, wide and long µ-beams have the tendency to show strong 
sticking. Another disadvantage of the wide µ-beams is cost. As the width is getting 
wider, the space for probing also needs to be getting big, which requires more wafer 
space and consequently causes the increase in cost. 
Through comparing the result from theory to the testing result as shown in Table 
4.1, some differences between the experimental and predicted values of the switching 
voltage were found. As mentioned, the end points of the stuck µ-beams were manually 
separated from the wafer during the testing. Through watching the microscope, it could 
be observed that in some cases, the end points of the µ-beams came to be bent upward 
after separating from the wafer. 
79 
5 Conclusion 
In this thesis, several dimensions of single micro-cantilever beams were analyzed 
using theoretical approach, fabricated using the facilities at the Semiconductor and 
Microsystems Fabrication Laboratory at RIT, and tested in order to find the switching 
voltage of each beam. Solid-modeling software (I-DEAS) was used partially for a 
calculation of the beam deflection. The result from the simulation in I-DEAS agreed 
exactly with the theoretical predictions. But, since the iteration method still had to be 
used, the solid-modeling software was not helpful in expediting the analysis procedure. 
In predicting the switching voltage for the given dimensions of the single µ-cantilever 
beams, therefore, only analytical equations were used. For a reference, a doubly 
clamped µ-beam was also analyzed and compared to the literature. 
The initial designs of the single µ-cantilever beam were determined according to 
the MEMS design rules. Mentor Graphics CAD tool was used for drawing. Through 
the micro-machining fabrication procedure, single µ-cantilever beams were manufactured 
and tested. Polysilicon was used as the beam material. To make a space between the 
beam and the wafer, a wet sacrificial oxide was grown. A total of 17 sizes of singleµ-
beams were made and tested. 
A comparison between theoretical predictions and testing results was obtained. 
As predicted, single µ-beams with relatively wide and short length did not move even at 
the maximum voltage for some cases. Three different length of µ-beams with the width 
of 20 µm were tested. The testing results were slightly larger than the predictions in the 
absolute value of switching voltage. But, the trend is similar to the predicted values. 
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After the fabrication, as the beam length gets longer, the µ-beam had a more tendency to 
be stuck to the substrate. Some of the stuck µ-beams could be recovered to the normal 
cantilever beam, but the others could not be recovered. Three different length ofµ-
beams with the width of 50 µm were tested. Also, testing results show a similar trend 
with predictions even though there are still differences in values of each switching 
voltage. The cause of differences in values might result from the initial deflection of 
cantilever beam. Initial deflection could be caused by internal stress after fabrication. 
When the µ-beams recovered from the stuck state were tested, the initial deflection was 
more prevail. As in 20 µm width beam, as the length gets longer, less effective data 
could be obtained because of the sticking of the polysilicon beams. Three different 
length of µ-beams with the width of 100 µm were tested. Also, testing results show a 
similar trend of the switching voltage with the predictions. 
Micro-beams with 200 µm width and 300 µm width were not available for testing. 
The sticking effect was strong in µ-beams with the long length and the wide width too. 
As in 20 µm, 50 µm and 100 µm width of µ-beams, the longer the length is, the stronger 
sticking resulted in fewer valid data. Improved fabrication skill in order to avoid 
sticking effect is required for future research. As an alternative, the use of dimples is 
suggested to avoid the sticking of the beams. 
From testing in micro-devices, it is found that the beam width does not influence 
the beam deflection and the switching voltage very much. The minimum width of theµ-
beam can be an optimized design for saving wafer. On the other hand, the appropriate 
ratio of length to width of beam is important to obtain enough valid data. Proper 
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consideration of the proportion of length, width and height is required for the design of 
micro-devices. The big dimensions of the µ-beams (more than 100 µm width and 1000 
µm length) are not recommended. Considering the etching process and testing 
convenience, a large dimension of beam requires a much larger space for probing. 
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Appendix 
A. I-DEAS Simulation Steps 
Here are the steps of using I-DEAS introduced in Section 2.1.2. The values used 
in here are the values when the switching voltage is applied to the beam. Hence, the 
deflection obtained here is the maximum deflection when switching voltage is applied. 
The I-DEAS command is written in Italic font in the following sentence. When I-DEAS 
is ready, enter Project Name as <MEMS> and Model Name as< test_l>. The project 
and model name should be unique. Set Units as (m/N). The unit should be consistent 
during whole process in I-DEAS. Switch to Simulation application. Switch to Meshing 
task Endow Create FE model <test_l>. Set Workplane Appearance for viewing. 
Make Nodes as many as possible <10>. Use Nodes Copy to make 10 nodes. The 
interval between nodes to be copied is (20 x 10-6 )/10, because the beam length (L) is 20 
x 10-6 m. Zoom All. And, Redisplay. 
Click Material Property. Choose Quick Create. Material is Silicon Nitride. 
Modify the value ofE (Young's modulus) into 380 GPa and v (Poisson's ratio) into 0.24. 
Switch into Beam Section task Choose Solid Rectangular beam. The cross-section of 
beam is rectangle (1.5 x 0.135 µm). The base (w) is 1.5 x 10-
6 
m and the height (s) is 
0.135 x 10·6 m. Store Section to save the beam information. 
Back to Meshing task. Click Create Element. The element type is JD (one 
dimensional). Click Material Section and choose Silicon Nitride. Click Beam Option 
and choose beam type as rectangular. Go to Boundary Conditions task. Click 
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Displacement Restraint and set both ends supports as Clamp. This will be fixed supports. 
Apply Distributed load W. Choose Global I Beam length and Constant Load. The input 
value of distributed load Wis 4.17E-02 Nim. 
Switch to Model Solution task. Click Solution Set, and Create Set. Choose 
Output Selection. Set reaction force and element force into store mode. To activate 
store mode is to see the selected results on the screen after solving. Click Manage Solver 
and hit Solver. This solving process will take a few minutes. The problem-solving 
process for a deflection of beam is completed. 
Switch to Post Processing task. Click Result Selection and choose Displacement. 
Display All. The results of deflection and the virtual shape will be displayed on the 
screen [Figure 2.4]. The maximum displacement is 1.48E-07 m, which is practically 
same as that of using Equation 2.3). For a simulation of different parameter, for example, 
different loads or dimension, go back to Model Solution task. Click Manage Solution Set 
and delete Solution Set 1. Switch to Boundary Conditions task. For a change of load, 
click Distributed Load and change the value of load. Go to Model Solution task. Run 
Solver again. Go to Post Processing to review the new outcome. 
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B. Analysis of µ-beam actuator 
125 x20 x2.4! 
. L 2.50E-05 m 
E 2.01 E+11 Pa 
w 2.00E-05 m 
s 2.40E-06 m 
I 2.30E-23 
Position y (m) v W (Nim) Deflection 11 (m) 11 (µm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 1 1.34E-05 1.41 E-13 1.41 E-07 
Y2 1.41E-13 2 5.35E-05 5.64E-13 5.64E-07 
Y3 5.64E-13 3 1.20E-04 1.27E-12 1.27E-06 
Y4 1.27E-12 4 2.14E-04 2.26E-12 2.26E-06 
Vs 2.26E-12 5 3.34E-04 3.53E-12 3.53E-06 
YB 3.53E-12 6 4.82E-04 5.08E-12 5.08E-06 
Y7 5.08E-12 7 6.55E-04 6.91E-12 6.91 E-06 
Ya 6.91 E-12 8 8.56E-04 9.03E-12 9.03E-06 
yg 9.03E-12 9 1.08E-03 1.14E-11 1.14E-05 
Y10 1.14E-11 10 1.34E-03 1.41E-11 1.41 E-05 
Y11 1.41E-11 11 1.62E-03 1.71E-11 1.71 E-05 
Y12 1.71E-11 12 1.93E-03 2.03E-11 2.03E-05 
Y13 2.03E-11 13 2.26E-03 2.38E-11 2.38E-05 
Y14 2.38E-11 14 2.62E-03 2.76E-11 2.76E-05 
Y1s 2.76E-11 15 3.01 E-03 3.17E-11 3.17E-05 
Y1s 3.17E-11 16 3.42E-03 3.61 E-11 3.61 E-05 
Y11 3.61E-11 17 3.87E-03 4.08E-11 4.08E-05 
Y1a 4.08E-11 18 4.33E-03 4.57E-11 4.57E-05 
Y1s 4.57E-11 19 4.83E-03 5.09E-11 5.09E-05 
Y20 5.09E-11 20 5.35E-03 5.64E-11 5.64E-05 
Y21 5.64E-11 21 5.90E-03 6.22E-11 6.22E-05 
Y22 6.22E-11 22 6.47E-03 6.83E-11 6.83E-05 
Y23 6.83E-11 23 7.08E-03 7.46E-11 7.46E-05 
Y24 7.46E-11 24 7.71 E-03 8.12E-11 8.12E-05 
Y2s 8.12E-11 25 8.36E-03 8.82E-11 8.82E-05 
Y2s 8.82E-11 26 9.04E-03 9.53E-11 9.53E-05 
Y27 9.53E-11 27 9.75E-03 1.03E-10 1.03E-04 
Y2a 1.03E-10 28 1.05E-02 1.11E-10 1.11 E-04 
Y29 1.11E-10 29 1.13E-02 1.19E-10 1.19E-04 
V30 1.19E-10 30 1.20E-02 1.27E-10 1.27E-04 
V31 1.27E-10 31 1.29E-02 1.36E-10 1.36E-04 
Y32 1.36E-10 32 1.37E-02 1.44E-10 1.44E-04 
Y33 1.44E-10 33 1.46E-02 1.54E-10 1.54E-04 
V34 1.54E-10 34 1.55E-02 1.63E-10 1.63E-04 
V35 1.63E-10 35 1.64E-02 1.73E-10 1.73E-04 
V36 1.73E-10 36 1.73E-02 1.83E-10 1.83E-04 
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Y37 1.83E-10 37 1.83E-02 1.93E-10 1.93E-04 
Y38 1.93E-10 38 1.93E-02 2.04E-10 2.04E-04 
Y39 2.04E-10 39 2.03E-02 2.15E-10 2.15E-04 
Y4o 2.15E-10 40 2.14E-02 2.26E-10 2.26E-04 
Y41 2.26E-10 41 2.25E-02 2.37E-10 2.37E-04 
Y42 2.37E-10 42 2.36E-02 2.49E-10 2.49E-04 
Y43 2.49E-10 43 2.47E-02 2.61 E-10 2.61 E-04 
Y44 2.61E-10 44 2.59E-02 2.73E-10 2.73E-04 
Y45 2.73E-10 45 2.71 E-02 2.86E-10 2.86E-04 
Y46 2.86E-10 46 2.83E-02 2.98E-10 2.98E-04 
Y47 2.98E-10 47 2.96E-02 3.12E-10 3.12E-04 
Y48 3.12E-10 48 3.08E-02 3.25E-10 3.25E-04 
Y49 3.25E-10 49 3.21 E-02 3.39E-10 3.39E-04 
Y5o 3.39E-10 50 3.34E-02 3.53E-10 3.53E-04 
Y51 3.53E-10 51 3.48E-02 3.67E-10 3.67E-04 
Y52 3.67E-10 52 3.62E-02 3.81 E-10 3.81 E-04 
Y53 3.81E-10 53 3.76E-02 3.96E-10 3.96E-04 
Y54 3.96E-10 54 3.90E-02 4.11E-10 4.11 E-04 
Y55 4.11E-10 55 4.05E-02 4.27E-10 4.27E-04 
Y56 4.27E-10 56 4.20E-02 4.42E-10 4.42E-04 
Y57 4.42E-10 57 4.35E-02 4.58E-10 4.58E-04 
Y58 4.58E-10 58 4.50E-02 4.74E-10 4.74E-04 
Y59 4.74E-10 59 4.66E-02 4.91 E-10 4.91 E-04 
Yso 4.91E-10 60 4.82E-02 5.08E-10 5.08E-04 
!50x20x2.4! 
L 5.00E-05 m 
E 2.01 E+11 Pa 
w 2.00E-05 m 
s 2.40E-06 m 
I 2.30E-23 
Position y (m) v W (Nim) Deflection ~ (m) ~ (µm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 1 1.34E-05 2.26E-12 2.26E-06 
Y2 2.26E-12 2 5.35E-05 9.03E-12 9.03E-06 
Y3 9.03E-12 3 1.20E-04 2.03E-11 2.03E-05 
Y4 2.03E-11 4 2.14E-04 3.61 E-11 
3.61 E-05 
Y5 3.61E-11 5 3.34E-04 5.64E-11 
5.64E-05 
Ys 5.64E-11 6 4.82E-04 8.12E-11 
8.12E-05 
Y7 8.12E-11 7 6.55E-04 1.11 E-10 
1.11E-04 
Ya 1.11E-10 8 8.56E-04 
1.44E-10 1.44E-04 
Ye 1.44E-10 9 1.08E-03 
1.83E-10 1.83E-04 
Y10 1.83E-10 10 1.34E-03 
2.26E-10 2.26E-04 
Y11 2.26E-10 11 1.62E-03 
2.73E-10 2.73E-04 
Y12 2.73E-10 12 1.93E-03 
3.25E-10 3.25E-04 
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Y13 3.25E-10 13 2.26E-03 3.81E-10 3.81 E-04 
Y14 3.81E-10 14 2.62E-03 4.42E-10 4.42E-04 
Y1s 4.42E-10 15 3.01 E-03 5.08E-10 5.08E-04 
Y16 5.08E-10 16 3.42E-03 5.78E-10 5.78E-04 
Y11 5.78E-10 17 4.19E-03 7.06E-10 7.06E-04 
Y1B 7.06E-10 18 4.33E-03 7.31E-10 7.31 E-04 
Y19 7.31E-10 19 4.83E-03 8.15E-10 8.15E-04 
Y20 8.15E-10 20 5.35E-03 9.03E-10 9.03E-04 
Y21 9.03E-10 21 5.90E-03 9.95E-10 9.95E-04 
Y22 9.95E-10 22 6.47E-03 1.09E-09 1.09E-03 
Y2s 1.09E-09 23 7.08E-03 1.19E-09 1.19E-03 
Y24 1.19E-09 24 7.71 E-03 1.30E-09 1.30E-03 
Y2s 1.3E-09 25 8.36E-03 1.41 E-09 1.41 E-03 
Y26 1.41E-09 26 9.04E-03 1.53E-09 1.53E-03 
Y21 1.53E-09 27 9.75E-03 1.65E-09 1.65E-03 
Y2B 1.65E-09 28 1.05E-02 1.77E-09 1.77E-03 
Y29 1.77E-09 29 1.13E-02 1.90E-09 1.90E-03 
Yso 1.9E-09 30 1.20E-02 2.03E-09 2.03E-03 
Ys1 2.03E-09 31 1.29E-02 2.17E-09 2.17E-03 
Ys2 2.17E-09 32 1.37E-02 2.31 E-09 2.31 E-03 
Yss 2.31 E-09 33 1.46E-02 2.46E-09 2.46E-03 
Y34 2.46E-09 34 1.55E-02 2.61 E-09 2.61 E-03 
Yss 2.61 E-09 35 1.64E-02 2.76E-09 2.76E-03 
V36 2.76E-09 36 1.73E-02 2.92E-09 2.92E-03 
V37 2.92E-09 37 1.83E-02 3.09E-09 3.09E-03 
Yss 3.09E-09 38 1.93E-02 3.26E-09 3.26E-03 
V39 3.26E-09 39 2.03E-02 3.43E-09 3.43E-03 
Y4o 3.43E-09 40 2.14E-02 3.61 E-09 3.61 E-03 
Y41 3.61 E-09 41 2.25E-02 3.79E-09 3.79E-03 
Y42 3.79E-09 42 2.36E-02 3.98E-09 3.98E-03 
Y43 3.98E-09 43 2.47E-02 4.17E-09 4.17E-03 
V44 4.17E-09 44 2.59E-02 4.37E-09 4.37E-03 
Y45 4.37E-09 45 2.71 E-02 4.57E-09 4.57E-03 
V46 4.57E-09 46 2.83E-02 4.78E-09 4.78E-03 
Y47 4.78E-09 47 2.96E-02 4.99E-09 4.99E-03 
Y4B 4.99E-09 48 3.08E-02 5.20E-09 5.20E-03 
Y49 5.2E-09 49 3.21 E-02 5.42E-09 5.42E-03 
Yso 5.42E-09 50 3.34E-02 5.64E-09 5.64E-03 
Ys1 5.64E-09 51 3.48E-02 5.87E-09 5.87E-03 
Ys2 5.87E-09 52 3.62E-02 6.10E-09 6.10E-03 
Yss 6.1 E-09 53 3.76E-02 6.34E-09 6.34E-03 
Ys4 6.34E-09 54 3.90E-02 6.58E-09 6.58E-03 
Yss 6.58E-09 55 4.05E-02 6.83E-09 6.83E-03 
Ys6 6.83E-09 56 4.20E-02 7.08E-09 7.08E-03 
Vs? 7.08E-09 57 4.35E-02 7.33E-09 7.33E-03 
Yss 7.33E-09 58 4.50E-02 7.59E-09 7.59E-03 
Ys9 7.59E-09 59 4.66E-02 7.86E-09 7.86E-03 
Y6o 7.86E-09 60 4.82E-02 8.12E-09 8.12E-03 
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1100 x 20 x 2.41 
L 1.00E-04 m 
E 2.01 E+11 Pa 
w 2.00E-05 m 
s 2.40E-06 m 
I 2.30E-23 
Position y (m) v W (Nim) Deflection L1 (m) L1 (µm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 1 1.34E-05 3.61 E-11 3.61 E-05 
Y2 3.61 E-11 2 5.35E-05 1.44E-10 1.44E-04 
Y3 1.44E-10 3 1.20E-04 3.25E-10 3.25E-04 
Y4 3.25E-10 4 2.14E-04 5.78E-10 5.78E-04 
Y5 5.78E-10 5 3.34E-04 9.03E-10 9.03E-04 
Ya 9.03E-10 6 4.82E-04 1.30E-09 1.30E-03 
Y7 1.3E-09 7 6.55E-04 1.77E-09 1.77E-03 
Ya 1.77E-09 8 8.56E-04 2.31 E-09 2.31 E-03 
yg 2.31 E-09 9 1.08E-03 2.92E-09 2.92E-03 
Y10 2.92E-09 10 1.34E-03 3.61 E-09 3.61 E-03 
Y11 3.61 E-09 11 1.62E-03 4.37E-09 4.37E-03 
Y12 4.37E-09 12 1.93E-03 5.20E-09 5.20E-03 
Y13 5.2E-09 13 2.26E-03 6.10E-09 6.10E-03 
Y14 6.1 E-09 14 2.62E-03 7.08E-09 7.08E-03 
Y15 7.08E-09 15 3.01 E-03 8.12E-09 8.12E-03 
Y16 8.12E-09 16 3.42E-03 9.24E-09 9.24E-03 
Y11 9.24E-09 17 3.87E-03 1.04E-08 1.04E-02 
Y1a 1.04E-08 18 4.33E-03 1.17E-08 1.17E-02 
Y19 1.17E-08 19 4.83E-03 1.30E-08 1.30E-02 
Y20 1.3E-08 20 5.35E-03 1.44E-08 1.44E-02 
Y21 1.44E-08 21 5.90E-03 1.59E-08 1.59E-02 
Y22 1.59E-08 22 6.47E-03 1.75E-08 1.75E-02 
Y23 1.75E-08 23 7.08E-03 1.91 E-08 1.91 E-02 
Y24 1.91 E-08 24 7.71 E-03 2.08E-08 2.08E-02 
Y25 2.08E-08 25 8.36E-03 2.26E-08 2.26E-02 
Y2a 2.26E-08 26 9.04E-03 2.44E-08 2.44E-02 
Y27 2.44E-08 27 9.75E-03 2.63E-08 2.63E-02 
Y2a 2.63E-08 28 1.05E-02 2.83E-08 2.83E-02 
Y29 2.83E-08 29 1.13E-02 3.04E-08 3.04E-02 
Y3o 3.04E-08 30 1.20E-02 3.25E-08 3.25E-02 
Y31 3.25E-08 31 1.29E-02 3.47E-08 3.47E-02 
Y32 3.47E-08 32 1.37E-02 3.70E-08 3.70E-02 
Y33 3.7E-08 33 1.46E-02 3.93E-08 3.93E-02 
Y34 3.93E-08 34 1.55E-02 4.17E-08 4.17E-02 
Y35 4.17E-08 35 1.64E-02 4.42E-08 4.42E-02 
Y36 4.42E-08 36 1.73E-02 4.68E-08 4.68E-02 
Y37 4.68E-08 37 1.83E-02 4.94E-08 4.94E-02 
Y38 4.94E-08 38 1.93E-02 5.21 E-08 5.21 E-02 
Y39 5.21 E-08 39 2.03E-02 5.49E-08 5.49E-02 
Y4o 5.49E-08 40 2.14E-02 5.78E-08 5.78E-02 
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Y41 5.78E-08 41 2.25E-02 6.07E-08 6.07E-02 
Y42 6.07E-08 42 2.36E-02 6.37E-08 6.37E-02 
Y43 6.37E-08 43 2.47E-02 6.68E-08 6.68E-02 
Y44 6.68E-08 44 2.59E-02 6.99E-08 6.99E-02 
Y4s 6.99E-08 45 2.71 E-02 7.31 E-08 7.31 E-02 
Y4a 7.31 E-08 46 2.83E-02 7.64E-08 7.64E-02 
Y47 7.64E-08 47 2.96E-02 7.98E-08 7.98E-02 
·y4a 7.98E-08 48 3.08E-02 8.32E-08 8.32E-02 
Y49 8.32E-08 49 3.21 E-02 8.67E-08 8.67E-02 
Yso 8.67E-08 50 3.34E-02 9.03E-08 9.03E-02 
Ys1 9.03E-08 51 3.48E-02 9.39E-08 9.39E-02 
Ys2 9.39E-08 52 3.62E-02 9.76E-08 9.76E-02 
Ys3 9.76E-08 53 3.76E-02 1.01 E-07 1.01 E-01 
Ys4 1.01 E-07 54 3.90E-02 1.05E-07 1.05E-01 
Yss 1.05E-07 55 4.05E-02 1.09E-07 1.09E-01 
Ysa 1.09E-07 56 4.20E-02 1.13E-07 1.13E-01 
Ys7 1.13E-07 57 4.35E-02 1.17E-07 1.17E-01 
Ysa 1.17E-07 58 4.87E-02 1.31 E-07 1.31 E-01 
Ys9 1.31 E-07 59 5.04E-02 1.36E-07 1.36E-01 
Yao 1.36E-07 60 5.21 E-02 1.41 E-07 1.41 E-01 
1200 x 20 x 2.41 
L 2.00E-04 m 
w 2.00E-05 m 
s 2.40E-06 m 
E 2.01 E+ 11 Pa 
I 2.30E-23 
Position y (m) v W (Nim) Deflection ~ (m) ~ (JJm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 1 1.34E-05 5.78E-10 5.78E-04 
Y2 5.78E-10 2 5.35E-05 2.31 E-09 2.31 E-03 
Y3 2.31 E-09 3 1.20E-04 5.20E-09 5.20E-03 
Y4 5.2E-09 4 2.14E-04 9.24E-09 9.24E-03 
Vs 9.24E-09 5 3.34E-04 1.44E-08 1.44E-02 
Ya 1.44E-08 6 4.82E-04 2.08E-08 2.08E-02 
Y7 2.08E-08 7 6.55E-04 2.83E-08 2.83E-02 
Ya 2.83E-08 8 8.56E-04 3.70E-08 3.70E-02 
yg 3.7E-08 9 1.08E-03 4.68E-08 4.68E-02 
Y10 4.68E-08 10 1.34E-03 5.78E-08 5.78E-02 
Y11 5.78E-08 11 1.62E-03 6.99E-08 6.99E-02 
Y12 6.99E-08 12 1.93E-03 8.32E-08 8.32E-02 
Y13 8.32E-08 13 2.26E-03 9.76E-08 
9.76E-02 
Y14 9.76E-08 14 2.62E-03 1.13E-07 
1.13E-01 
Y1s 1.13E-07 15 3.26E-03 1.41 E-07 
1.41 E-01 
Y1a 1.41 E-07 16 3.71 E-03 1.60E-07 
1.60E-01 
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Yn 1.6E-07 17 4.19E-03 1.81 E-07 1.81 E-01 
Y1a 1.81 E-07 18 4.69E-03 2.03E-07 2.03E-01 
Yrn 2.03E-07 19 5.68E-03 2.45E-07 2.45E-01 
Y20 2.45E-07 20 6.29E-03 2.72E-07 2.72E-01 
Y21 2.72E-07 21 6.94E-03 3.00E-07 3.00E-01 
Y22 3E-07 22 7.61 E-03 3.29E-07 3.29E-01 
Y23 3.29E-07 23 9.07E-03 3.92E-07 3.92E-01 
Y24 3.92E-07 24 9.87E-03 4.26E-07 4.26E-01 
Y2s 4.26E-07 25 1.17E-02 5.06E-07 5.06E-01 
Y26 5.06E-07 26 1.39E-02 6.02E-07 6.02E-01 
Y27 6.02E-07 27 1.66E-02 7.16E-07 7.16E-01 
Y28 7.16E-07 28 1.98E-02 8.55E-07 8.55E-01 
Y29 8.55E-07 29 2.37E-02 1.02E-06 1.02E+OO 
Y3o 1.02E-06 30 3.22E-02 1.39E-06 1.39E+OO 
Y31 1.39E-06 31 5.26E-02 2.27E-06 2.27E+OO 
Y32 2.27E-06 32 4.07E-01 1.76E-05 1.76E+01 
!300 x 20 x 2.41 
L 3.00E-04 m 
E 2.01 E+11 Pa 
w 2.00E-05 m 
s 2.40E-06 m 
I 2.30E-23 
Position y (m) v W (Nim) Deflection ~ (m) ~ (µm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 1 1.34E-05 2.92E-09 2.92E-03 
Y2 2.92E-09 2 5.35E-05 1.17E-08 1.17E-02 
Y3 1.17E-08 3 1.20E-04 2.63E-08 2.63E-02 
Y4 2.63E-08 4 2.14E-04 4.68E-08 4.68E-02 
Ys 4.68E-08 5 3.34E-04 7.31 E-08 7.31 E-02 
Ye 7.31 E-08 6 4.82E-04 1.05E-07 1.05E-01 
Y7 1.05E-07 7 7.10E-04 1.55E-07 1.55E-01 
Ya 1.55E-07 8 9.60E-04 2.10E-07 2.10E-01 
yg 2.10E-07 9 1.27E-03 2.79E-07 2.79E-01 
Y10 2.79E-07 10 1.64E-03 3.58E-07 3.58E-01 
Y11 3.58E-07 11 2.17E-03 4.75E-07 4.75E-01 
Y12 4.75E-07 12 2.90E-03 6.34E-07 6.34E-01 
Y13 6.34E-07 13 3.95E-03 8.63E-07 8.63E-01 
Y14 8.63E-07 14 5.92E-03 1.30E-06 1.30E+OO 
Y1s 1.30E-06 15 1.20E-02 2.62E-06 2.62E+OO 
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1400 x20x2.4I 
L 4.00E-04 m 
E 2.01 E+11 Pa 
w 2.00E-05 m 
s 2.40E-06 m 
I 2.30E-23 
Position y (m) v W (Nim) Deflection 8 (m) 8 (µm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 0.00E+OO 1 1.34E-05 9.24E-09 9.24E-03 
Y2 9.24E-09 2 5.35E-05 3.70E-08 3.70E-02 
Y3 3.70E-08 3 1.20E-04 8.32E-08 8.32E-02 
Y4 8.32E-08 4 2.14E-04 1.48E-07 1.48E-01 
Ys 1.48E-07 5 3.62E-04 2.SOE-07 2.50E-01 
Ys 2.SOE-07 6 5.66E-04 3.91 E-07 3.91 E-01 
Y7 3.91 E-07 7 8.40E-04 5.SOE-07 5.SOE-01 
Ys 5.SOE-07 8 1.32E-03 9.12E-07 9.12E-01 
yg 9.12E-07 9 2.56E-03 1.77E-06 1.77E+OO 
Y10 1.77E-06 10 1.16E-02 8.04E-06 8.04E+OO 
1500 x 50 x 2.41 
L 5.00E-04 m 
E 2.01 E+11 Pa 
w 5.00E-05 m 
s 2.40E-06 m 
I 5.76E-23 
Position y (m) v W (Nim) Deflection 8 (m) 8 (µm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 1 3.34E-05 2.26E-08 2.26E-02 
Y2 2.26E-08 2 1.34E-04 9.03E-08 9.03E-02 
Y3 9.03E-08 3 3.01 E-04 2.03E-07 2.03E-01 
Y4 2.03E-07 4 6.29E-04 4.25E-07 4.25E-01 
Ys 4.25E-07 5 1.17E-03 7.91 E-07 7.91 E-01 
Ys 7.91 E-07 6 2.27E-03 1.53E-06 1.53E+OO 
Y7 1.53E-06 7 9.43E-03 6.36E-06 6.36E+OO 
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!1000 x50x 2.4! 
L 1.00E-03 m 
E 2.01 E+ 11 Pa 
w 5.00E-05 m 
s 2.40E-06 m 
I 5.76E-23 
Position y (m) v W (N/m) Deflection ~(m) ~ (1-1m) 
YO O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.2 1.83E-06 1.98E-08 1.98E-02 
Y2 1.98E-08 0.4 7.46E-06 8.05E-08 8.05E-02 
Y3 8.05E-08 0.6 1.78E-05 1.92E-07 1.92E-01 
Y4 1.92E-07 0.8 3.51 E-05 3.79E-07 3.79E-01 
Y5 3.79E-07 1 6.68E-05 7.22E-07 7.22E-01 
Y6 7.22E-07 1.2 1.46E-04 1.58E-06 1.58E+OO 
Y7 1.58E-06 1.4 1.11E-03 1.20E-05 1.20E+01 
12000 x 50 x 2.41 
L 2.00E-03 m 
E 2.01 E+11 Pa 
w 5.00E-05 m 
s 2.40E-06 m 
I 5.76E-23 
Position y (m) v W (N/m) Deflection ~ (m) ~ (1-1m) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.1 4.58E-07 7.91 E-08 7.91 E-02 
Y2 7.91 E-08 0.2 1.97E-06 3.40E-07 3.40E-01 
Y3 3.40E-07 0.3 5.76E-06 9.96E-07 9.96E-01 
Y4 9.96E-07 0.4 2.44E-05 4.22E-06 4.22E+OO 
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IIOOOxlOOx2.4! 
L 1.00E-03 m 
E 2.01 E+11 Pa 
w 1.00E-04 m 
s 2.40E-06 m 
I 1.15E-22 
Position Y (m) v W (Nim) Deflection ~ (m) ~ (µm) Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO Y1 O.OOE+OO 0.1 9.15E-07 4.95E-09 4.95E-03 Y2 4.95E-09 0.2 3.68E-06 1.99E-08 1.99E-02 Y3 1.99E-08 0.3 8.39E-06 4.54E-08 4.54E-02 Y4 4.54E-08 0.4 1.53E-05 8.26E-08 8.26E-02 Ys 8.26E-08 0.5 2.47E-05 1.34E-07 1.34E-01 Ya 1.34E-07 0.6 3.73E-05 2.02E-07 2.02E-01 
Y7 2.02E-07 0.7 5.44E-05 2.94E-07 2.94E-01 
Ya 2.94E-07 0.8 7.80E-05 4.22E-07 4.22E-01 yg 4.22E-07 0.9 1.14E-04 6.14E-07 6.14E-01 
Y10 6.14E-07 1 1.76E-04 9.52E-07 9.52E-01 
Y11 9.52E-07 1.1 3.44E-04 1.86E-06 1.86E+OO 
Y12 1.86E-06 1.2 5.58E-03 3.02E-05 3.02E+01 
II500x100x2.4! 
L 1.50E-03 m 
E 2.01 E+ 11 Pa 
w 1.00E-04 m 
s 2.40E-06 m 
I 1.15E-22 
Position Y (m) v W (Nim) Deflection ~ (m) ~ (µm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.1 9.15E-07 2.51 E-08 2.51 E-02 
Y2 2.51 E-08 0.2 3.75E-06 1.03E-07 1.03E-01 
Y3 1.03E-07 0.3 9.06E-06 2.48E-07 2.48E-01 
Y4 2.48E-07 0.4 1.86E-05 5.09E-07 5.09E-01 
Ys 5.09E-07 0.5 3.87E-05 1.06E-06 1.06E+OO 
Ya 1.06E-06 0.6 1.23E-04 3.36E-06 3.36E+OO 
Y7 3.36E-06 0.7 1.60E-04 4.39E-06 4.39E+OO 
Ya 4.39E-06 0.8 5.93E-05 1.62E-06 1.62E+OO 
yg 1.62E-06 0.9 1.07E-03 2.94E-05 2.94E+01 
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12ooox1oox 2.4 ! 
L 2.00E-03 m 
E 2.01 E+ 11 Pa 
w 1.00E-04 m 
s 2.40E-06 m 
I 1.15E-22 
Position y (m) v W (Nim) Deflection ~ (m) ~ (µm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.1 9.15E-07 7.92E-08 7.92E-02 
Y2 7.92E-08 0.2 3.94E-06 3.41 E-07 3.41 E-01 
Y3 3.41 E-07 0.3 1.15E-05 9.98E-07 9.98E-01 
Y4 9.98E-07 0.4 4.91 E-05 4.25E-06 4.25E+OO 
Vs 4.25E-06 0.5 2.65E-05 2.29E-06 2.29E+OO 
12ooox 2oox 2.4 I 
L 2.00E-03 m 
E 2.01 E+ 11 Pa 
w 2.00E-04 m 
s 2.40E-06 m 
I 2.30E-22 
Position y (m) v W (Nim) Deflection ~ (m) ~ (µm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.1 1.83E-06 7.92E-08 7.92E-02 
Y2 7.92E-08 0.2 7.88E-06 3.41E-07 3.41E-01 
Y3 3.41 E-07 0.3 2.31 E-05 9.98E-07 9.98E-01 
Y4 9.98E-07 0.4 9.81 E-05 4.25E-06 4.25E+OO 
l3000x 200x 2.4! 
L 3.00E-03 m 
E 2.01 E+11 Pa 
w 2.00E-04 m 
s 2.40E-06 m 
I 2.30E-22 
Position y (m) v W (Nim) Deflection ~ (m) ~ (µm) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.1 1.83E-06 4.01 E-07 4.01 E-01 
Y2 4.01 E-07 0.12 3.94E-06 8.63E-07 8.63E-01 
V3 8.63E-07 0.14 9.72E-06 2.13E-06 2.13E+OO 
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!4000x 200x 2.4 ! 
L 4.00E-03 m 
E 2.01 E+ 11 Pa 
w 2.00E-04 m 
s 2.40E-06 m 
I 2.30E-22 
Position y (m) v W (Nim) Deflection L1 (m) L1 (1,.1m) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.1 1.83E-06 1.27E-06 1.27E+OO 
Y2 1.27E-06 0.12 1.47E-05 1.01 E-05 1.01 E+01 
Y3 1.01 E-05 0.14 2.75E-07 1.90E-07 1.90E-01 
Y4 1.90E-07 0.16 5.62E-06 3.89E-06 3.89E+OO 
!3000x300x 2.41 
L 3.00E-03 m 
E 2.01 E+ 11 Pa 
w 3.00E-04 m 
s 2.40E-06 m 
I 3.46E-22 
Position y (m) v W (Nim) Deflection L1 (m) L1 (1,.1m) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.1 2.75E-06 4.00E-07 4.00E-01 
Y2 4.00E-07 0.12 5.91 E-06 8.60E-07 8.60E-01 
Y3 8.60E-07 0.14 1.45E-05 2.11 E-06 2.11 E+OO 
!6000x300x 2.41 
L 6.00E-03 m 
E 2.01 E+ 11 Pa 
w 3.00E-04 m 
s 2.40E-06 m 
I 3.46E-22 
Position y (m) v W (Nim) Deflection L1 (m) L1 (1,.1m) 
Yo O.OOE+OO 0 O.OOE+OO O.OOE+OO O.OOE+OO 
Y1 O.OOE+OO 0.1 2.75E-06 6.40E-06 6.40E+OO 
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C. Test Results of µ-beam 
Abbreviation Meaning 
B Broken 
s Stuck to the wafer 
BF Badly Fabricated 
NR No response for maximum voltage of 60 V 
<Row-1 > 
No. Beam type Cell Cell Cell Cell Cell Cell Cell Cell Cell 
(µm) 1 2 3 4 5 6 7 8 9 
1 25 X 20 BF NR NR BF NR BF BF NR NR 
2 SOX 20 BF B BF BF BF BF BF NR NR 
3 100 X 20 BF 52 V B BF NR BF BF NR B 
4 200 X 20 BF B 55 V BF BF BF BF 39V B 
5 300 X 20 BF s 33 V BF 21 V BF BF 37V B 
6 400 X 20 BF s 20V BF NR BF BF 16 V B 
7 500 X 50 BF s 17 V BF BF BF BF s NR 
8 1000 X 50 BF NR 13 V BF 35 V BF NR lOV 51 V 
9 2000 X 50 BF B NR BF B 40V 6V 54 V NR 
10 1000 X 100 
11 1500 X 100 
12 2000 X 100 
13 2000 X 200 
14 3000 X 200 
15 4000 X 200 
16 3000 X 300 
17 6000 X 300 
<Row- 2> 
No. Beam type Cell Cell Cell Cell Cell Cell Cell Cell Cell 
(µm) 1 2 3 4 5 6 7 8 9 
1 25 X 20 B NR NR NR NR NR NR NR NR 
2 50X20 s NR NR NR NR NR NR NR NR 
3 100 X 20 s NR NR NR NR NR NR NR B 
4 200 X 20 s 38 V 35 V 33 V 34 V 34 V 38 V s s 
5 300 X 20 s 26 V s B s s 22V s s 
6 400 X 20 s B B s 38 V B 35 V s s 



































1000 X 50 B 15 V B B s B B s s 
2000 X 50 B B 14 V s 41 V B 11 V B NR 
1000 X 100 
1500 X 100 
2000 X 100 
2000 X 200 s 52V 
3000 X 200 s B 
4000 X 200 B B 
3000 X 300 
6000 X 300 
< Row - 3 > : Used for experimental trial set-up, trial testing, release check-up 
and conductivity testing 
Beam type Cell Cell Cell Cell Cell Cell Cell Cell Cell 
(J1m) 1 2 3 4 5 6 7 8 9 
25 X20 B B B NR NR 
50X20 B B B NR NR 
100 X 20 B B B NR NR 
200 X 20 B B B s s 
300 X 20 B B B s s 
400 X 20 B B B B s 
500 X 50 B B B B 
1000 X 50 B B B s 
2000 X 50 B B B s 
1000 X 100 B B B 
1500 X 100 B B B 
2000 X 100 B B B 
2000 X 200 B B B 
3QOO X 200 B B B 
4000 X 200 B B B 
3000 X 300 B B B 
6000 X 300 B B B 
<Row-4> 
Beam type Cell Cell Cell Cell Cell Cell Cell Cell Cell 
(J1m) 1 2 3 4 5 6 7 8 9 
25 X20 
50X20 
100 X 20 
























































300 X 20 
400X 20 
500 X 50 
1000 X 50 
2000 X 50 
1000 X 100 BF 22 V 12 V s 11 V s B 11 V s 
i500 X 100 BF 28 V B s BF s s s s 
2000 X 100 BF s s s BF 11 V 9V s 9V 
2000X 200 
3000 X 200 
4000X 200 
3000 X 300 
6000 X 300 
<Row- 5> 
Beam type Cell Cell Cell Cell Cell Cell Cell Cell Cell 
(um) 1 2 3 4 5 6 7 8 9 
25 X20 
50X20 
100 X 20 
200 X 20 
300 X 20 
400 X 20 
500 X 50 
1000 X 50 
2000 X 50 
1000 X 100 BF s s B B s s 55 V lOV 
1500 X 100 BF 11 V 11 V B BF BF 12 V s B 
2000 X 100 BF s s B BF B B s s 
2000X 200 
3000 X 200 
4000 X 200 
3000 X 300 
6000 X 300 
< Row - 6 > : Used for experimental trial set-up, trial testing, release check-up 
and conductivity testing 
Beam type Cell Cell Cell Cell Cell Cell Cell Cell Cell 
(um) 1 2 3 4 5 6 7 8 9 









2 50X20 BF 
3 100 X 20 BF 
4 200X 20 BF 
5 300 X 20 BF s 
6 400 X 20 BF 
7 500 X 50 BF 
8 1000 X 50 BF 
9 2000X 50 BF 
10 1000 X 100 BF 
11 1500 X 100 BF 
12 2000 X 100 BF 
13 2000X 200 BF 
14 3000 X 200 BF 
15 4000X 200 BF 
16 3000 X 300 BF 
17 6000 X 300 BF 
<Row-7 > 
No. Beam type Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell 
(um) 1 2 3 4 5 6 7 8 9 10 11 
1 25 X20 NR NR BF B 
2 50X20 NR B BF B B 
3 100 X 20 B B s NR B 
4 200X 20 B B B 37V 50V 
5 300 X 20 B s s s s s s 
6 400X 20 B B s s s 17V s 
7 500 X 50 16V 16 V s 
8 1000 X 50 s 11 V B B 11 V 
9 2000 X50 s B B 6V lOV 
10 1000 X 100 
11 1500 X 100 
12 2000 X 100 
13 2000 X 200 
14 3000 X 200 
15 4000X 200 
16 3000 X 300 
17 6000 X 300 
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<Row-8> 
No. Beam type Cell Cell 
(um) 1 2 
1 25 X 20 
2 50X20 
3 100 X 20 
4 200 X 20 
5 300 X 20 
6 400 X 20 
7 500 X 50 
8 1000 X 50 
9 2000 X 50 
10 1000 X 100 
11 1500 X 100 
12 2000 X 100 
13 2000 X 200 
14 3000 X 200 
15 4000 X 200 
16 3000 X 300 
17 6000 X 300 
< Row - 9, 10, and 11 > 
< Row -12 and 13 > 
Cell Cell Cell Cell Cell Cell Cell Cell Cell 
3 4 5 6 7 8 9 10 11 
B 
B B 
B B B 
B B 
B B 
B s s s B s 
s B s B B s 
s B B B s B 
: Not tested 
: Used for experimental trial set-up, trial testing, release check-up 
and conductivity testing 
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B 
B 
B 
B 
s 
B 
B 
